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ABSTRACT 
 The concerns on the increase of polluting plastic wastes as well as the U.S. dependence 
on imported petrochemical products have driven an attention towards alternative biodegradable 
polymers from renewable resources. Zein protein, a co-product from ethanol production from 
corn, is a good candidate. This research project aims to increase zein value by adopting 
nanotechnology for fabricating advanced zein packaging films and zein microfluidic devices. 
Two nanotechnology approaches were focused: the polymer nanoclay nanocomposite technique 
where the nanocomposite structures were created in the zein matrix, and the soft lithography and 
the microfluidic devices where the micro and nanopatterns were created on the zein film 
surfaces. 
 The polymer nanoclay nanocomposite technique was adopted in the commonly used zein 
film fabrication processes which were solvent casting and extrusion blowing methods. The two 
methods resulted in partially exfoliated nanocomposite structures. The impact of nanoclays on 
the physical properties of zein films strongly depended on the film preparation techniques. The 
impact of nanoclay concentration was more pronounced in the films made by extrusion blowing 
technique than by the solvent casting technique. As the processability limitation for the extrusion 
blowing technique of the zein sample containing hight nanoclay content, the effect of the 
nanoclay content on the rheological properties of zein hybrid resins at linear and nonlinear 
viscoelastic regions were further investigated. A pristine zein resin exhibited soft solid like 
behavior. On the other hand, the zein hybrid with nanoclay content greater than 5 wt.% showed 
more liquid like behavior, suggesting that the nanoclays interrupted the entangled zein network. 
There was good correspondence between the experimental data and the predictions of the 
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Wagner model for the pristine zein resins. However, the model failed to predict the steady shear 
properties of the zein nanoclay nanocomposite resins. 
The soft lithography technique was mainly used to fabricate micro and nanostructures on 
zein films. Zein material well-replicated small structures with the smallest size at sub micrometer 
scale that resulted in interesting photonic properties. The bonding method was also developed for 
assembling portable zein microfluidic devices with small shape distortion. Zein-zein and zein-
glass microfluidic devices demonstrated sufficient strength to facilitate fluid flow in a complex 
microfluidic design with no leakage. Aside from the fabrication technique development, several 
potential applications of this environmentally friendly microfluidic device were investigated. The 
concentration gradient manipulation of Rhodamine B solution in zein-glass microfluidic devices 
was demonstrated. The diffusion of small molecules such as fluorescent dye into the wall of the 
zein microfluidic channels was observed. However, with this formulation, zein microfluidic 
devices were not suitable for cell culture applications.  
This pioneer study covered a wide spectrum of the implementation of the two 
nanotechnology approaches to advance zein biomaterial which provided proof of fundamental 
concepts as well as presenting some limitations. The findings in this study can lead to several 
innovative research opportunities of advanced zein biomaterials with broad applications. The 
information from the study of zein nanocomposite structure allows the packaging industry to 
develop the low cost biodegradable materials with physical property improvement. The 
information from the study of the zein microfluidic devices allows agro-industry to develop the 
nanotechnology-enabled microfluidic sensors fabricated entirely from biodegradable polymer for 
on-site disease or contaminant detection in the fields of food and agriculture. 
iv 
 
 
 
 
 
 
 
 
 
 
 
 
To my parent and my sister 
 
 
 
 
 
 
 
 
v 
 
ACKNOWLEDGMENTS 
 This dissertation would not have been possible without the support of many people. First 
and foremost, I would like to express my profound gratitude to my advisor, Dr. Jozef Kokini, for 
his guidance, patience, inspiration and encouragement throughout my study. He has always been 
very supportive. I appreciate the research opportunities that he gave me. His vision in scientific 
research always reaches out for new frontier of Food Science that leads to several challenging 
projects, including this dissertation. His initiative thought on implementing nanotechnology such 
as polymer nanoclay nanocomposites or soft lithography and microfluidic devices to the field of 
Food Science creates series of innovative research projects. I learned from him that on the basis 
of a strong scientific background and multidisciplinary collaborations, ones can overcome more 
challenging problems. Aside from advanced technology, I also learned tremendously from his 
solid background in Food Material Science and Engineering especially in Rheology. This also 
gave me an inspiration in designing my future research area. It was an honor to work with him. 
I greatly appreciate the guidance from our collaborators, Dr. Logan Liu and a graduate 
student, Austin Hsiao. I learned a great deal from their expertise and enjoyed working in such a 
friendly environment they created. I would like to also thank Dr. Kris Lambert that I just recently 
worked with, for his guidance. 
My gratitude also goes to our former and current postdoctoral associates: Dr. Nesli Sozer, 
who provided constructive contribution on my first research paper and Dr. Francesca De Vito, 
who assisted me in understanding and solving complex mathematical problems on my third 
research paper. Aside from that, they both were very supportive throughout many years. 
vi 
 
In addition, I would like to also thank my committee members, Dr. Shelly Schmidt, Dr. 
Graciela Padua, Dr. Logan Liu and Dr. Youngsoo Lee, for providing constructive suggestions 
and excellent thoughts for polishing this dissertation to meet scholarly standard, Dr. Faye Dong, 
Dr. Graciela Padua and Dr. Yi Wang for facilitating me on my first year at Illinois, Dr. Keith 
Cadwallader for serving as my advisory committee member, and Dr. Ion Baianu for providing 
constructive suggestion on the microstructure analysis. My appreciation also goes to the staffs 
and members of the Department of Food Science and Human Nutrition for their administrative 
support, and to staffs at Beckman Institute, MNTL and MRL for their technical support and Mr. 
Roberto Lambert for his kindly helpful in Mathematica program 
I also would like to acknowledge the Faculty of Science, Mahidol University, Thailand 
and the Royal Thai scholarship for the financial support throughout my study.  
I would like to thank many of my friends and colleagues: my current and former 
labmates, Dr. Altunarka, Fatih, Shadi, Gizem, Suzan, and Serena, who have made my time at 
work enjoyable, all of my lovely friends in Chambana, Khang, P’ Buey, Gung, Peung, P’ Mao, 
Oh, Pang, Adam and a lot more, and Joo Won, Nim, Tang and Ploy for inspirations. Many 
thanks to my former labmates and friends at Rutgers University, Didem, Jigar, Kiran, Maureen, 
Ozlem, Ke, Chada, and P’ Na, who gave me warm welcome for my first year in the US.  
I cannot express enough gratitude to my family, my father Mr. Chamlong Luecha, my 
mother Mrs. Wanlapha Luecha and my sister Miss Pattamanadda Luecha, for their unconditional 
love and support that help me get through this challenging period of my life. They have always 
believed in me. Without them, I would not have been able to make it. 
 
vii 
 
TABLE OF CONTENTS 
LIST OF SYMBOLS…………………………………………………………………….……...ix 
CHAPTER 1: INTRODUCTION……………………………………………………………….1 
Objectives of this research project……………………………………………………………...4 
CHAPTER 2: LITERATURE REVIEW……………………………………………………....6 
2.1 Zein: Background and applications………………………………………………………...6 
2.2 Polymer nanoclay (layered silicate) nanocomposite technique………………………….14 
2.3 Rheological properties……………………………………………………………………...23 
2.4 Microfluidic devices………………………………………………………………………...36 
CHAPTER 3: FABRICATION AND CHARACTERIZATION OF ZEIN NANOCLAY 
NANOCOMPOSITE FILMS…………………………………………………………………..47 
3.1 Abstract……………………………………………………………………………………...47 
3.2 Introduction…………………………………………………………………………………48 
3.3 Materials and Methods……………………………………………………………………..51 
3.4 Results and Discussion……………………………………………………………………...55 
3.5 Conclusions………………………………………………………………………………….67 
CHAPTER 4: THE VISCOELASTIC PROPERTIES OF NANOCLAYS FILLED ZEIN 
NANOCOMPOSITE MOLDABLE RESINS………………………………………………...69 
4.1 Abstract……………………………………………………………………………………..69 
4.2 Introduction…………………………………………………………………………………70 
4.3 Theory……………………………………………………………………………………….73 
4.4 Materials and Methods……………………………………………………………………..76 
4.5 Results and Discussion……………………………………………………………………..79 
viii 
 
4.6 Conclusions……………………………………………………………………………….....97 
CHAPTER 5: ZEIN MICROFLUIDIC DEVICES…………………………………………..98 
5.1 Abstract………………………………………………………………………………..…….98 
5.2 Introduction……………………………………………………………………………..…..99 
5.3 Materials and Methods……………………………………………………………………102 
5.4 Results and Discussion…………………………………………………………………….109 
5.5 Conclusions………………………………………………………………………………...124 
CHAPTER 6: CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH….126 
6.1 Conclusions………………………………………………………………………………...126 
6.2 Suggestions for future research…………………………………………………………..129 
REFERENCES………………………………………………………………………………...131 
APPENDIX A: DATA FOR CHAPTER 3……………………………...……………….…..144 
APPENDIX B: DETAIL DESCRIPTION OF METHODS FOR CHAPTER 4…………..145 
APPENDIX C: DETAIL DESCRIPTION OF METHOD FOR CHAPTER 5……………148 
 
 
 
 
ix 
 
LIST OF SYMBOLS 
α empirical constants 
β empirical constants 
θ reflected angle of x-ray (o) 
λ  the x-ray wavelength (nm) 
λc   characteristic relaxation time 
λi time constants in linear memory function (s) 
tC   Couchy tensor 
1
tC  Finger tensor  
η apparent viscosity (Pa s) 
η* complex viscosity (Pa s) 
ψ1 primary normal stress coefficient (Pa s
2
) 
ai weight factor in linear memory function 
d  the spacing between the planes in the crystalline phase (nm or 

A ) 
G’ storage modulus (Pa) 
G” loss modulus (Pa) 
Ge stress relaxation modulus constants (Pa) 
Gi modulus in the linear relaxation modulus (Pa) 
G(t) linear relaxation modulus (Pa) 
G (t, γ) shear stress relaxation modulus (Pa) 
x 
 
I1, I2 the first and second invariants of the Finger strain tensor 
γ shear strain 
γij strain tensor 
γ0 a chosen shear strain 
 shear rate (s
-1
) 
ω oscillatory (or angular) frequency (rad/s) 
m1 memory function 
N1, N2 the first and second normal stress differences 
)'( tt linear memory function 
)(h  damping function 
t current time 
t’ reference time 
2211 primary normal stress difference 
σij stress tensor 
 
1 
 
CHAPTER 1 
INTRODUCTION 
Petroleum-based polymers, commonly known as plastics, have been used extensively 
ever since the start of their mass productions in 1940s, especially for packaging applications. 
The plastics industry continues to grow as the estimated plastics production worldwide in the 
year 2010 exceeded 300 million tons (Halden 2010). Although the petroleum-based polymers 
are important to our society mainly due to their exceptional properties and endurance, these 
polymers cause increasing global environmental concerns among governments, manufacturers 
and consumers in recent years (Netravali and Chabba 2003) as they are resistive to biological 
degradation. Additionally, the economic concerns due to the dependency on limited fossil fuel 
for petroleum-based polymers production is another driving force for seeking alternative 
biodegradable materials from renewable resources. 
Zein, a major storage protein from corn, has been investigated extensively as one of the 
excellent candidates for environmentally friendly polymers for several applications (Lai and 
Padua 1997; Lai and Padua 1998; Gong et al 2006; Ke et al 2009; Zhong and Jin 2008; Xu et al 
2011). This prolamin protein can conform into several shapes and structures, mainly on the 
basis of its thermoplasticity providing tough, glossy, and hydrophobic articles. Zein lacks in 
essential amino acids for human consumption, thus it is used as low-priced protein supplement 
for livestock feed or some other industrial applications (Shukla and Cheryan 2001; Lawton, 
2002). Since its first commercialized in 1939 (Anderson and Lamsal 2012), zein was the 
material of interest in several industries including adhesives, coatings, printings, fibers, and 
packaging films and plastics. However, the interest in utilizing zein in several industries 
drastically declined in 1960 at the development of cheaper petroleum-based polymers (Shukla 
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and Cheryan 2001; Lawton, 2002; Cheryan 2009; Anderson and Lamsal 2012). As prior 
mentioned, the increasing of environmental concern has renewed attention towards zein as an 
industrial biopolymer for twenty-first century (Shukla and Cheryan 2001; Cheryan 2009). 
Another advantage of zein is that it is derived from renewable resource as the world corn 
production continues to grow. The US is the world number one corn producer, with currently 
more than half of the corn usage for fuel ethanol production (Anonymous 2012). Zein is 
presence in the co-product of ethanol production, thus increasing zein value would also reduce 
ethanol production cost (Core 2002). Although several applications of zein have been studied, 
the current price of zein which is $10-40/kg depending on purity places a limit in zein usage as 
to compete with cheap petroleum-based materials ($2/kg) (Anderson and Lamsal 2012). 
Therefore, to introduce zein to broader application areas as well as improve zein properties will 
increase zein value and demand, thus driving the bio-ethanol industry to develop more effective 
and economical zein extraction processes. Development of technological tools that can be used 
to convert zein protein into more valuable products, such as high performance biodegradable 
packaging material or disposable biodegradable microfluidic devices, would increase the 
utilization of zein as well as help lessening the environmental and economical concerns. 
Nanotechnology is the advanced technology of interest for altering zein material. The 
nanotechnology is defined as the ability to control and reorganize the matter at atomic or 
molecular levels and taking advantage of the distinct properties and phenomena at that scale 
compared to the bulk properties (Roco 2011). This novel technology has several approaches, 
which have been emerging in a broad range of disciplines with mass applications from 
electronics to biomedicines (Sozer and Kokini 2009; Paul and Robeson 2008; Kirby 2011). In 
this study, we focused on two approaches which were 1) the polymer nanomaterial 
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nanocomposite technique for packaging applications and 2) the micro- and nanofabrication for 
microfluidic device applications.  
The polymer nanocomposite technology involves the inclusion of nano-size materials, in 
particular the nanoclays or nanosilicates, into the polymer matrix. The small amount of well-
dispersed and well-distributed of exfoliated/intercalated nanoclays in the polymer matrix 
resulted in remarkable improvement in the tensile properties, barrier properties, and thermal 
retardation properties of the polymers (Alexandre and Dobois 2000; Paul and Robeson 2008). 
This technique has been used extensively in several polymer systems with several 
commercially-available products for examples: automotive parts, plastic wraps, and bottles for 
carbonated beverages (Alexandre and Dobois 2000; Maul 2005; Lan 2009). The key to success 
of this method relies on the mixing of polymers with compatible nanoclays by a mixing method 
that sufficiently produces nanocomposite structure. Since mixing is the important step in the 
fabrication of nanocomposite structure, it is usually performed at the molten state of the 
polymers. Therefore, the study of the rheological properties of the polymer melt is crucial. The 
rheological properties describe the structure and the composition of the materials. Moreover, in 
the process that involves the flow of the molten thermoplastic polymers, the viscoelastic 
properties are important in the process optimization (Dealy and Wissburn 1990). Thus, the 
viscoelasticity of the nanoclay/polymer nanocomposite mixtures provides useful information 
not only about the nanocomposite structure but also the optimization of the process.  
Aside from the nanomaterial nanocomposite technology, the fabrication of nanostructures 
was focused in this study. The microfabrication approach involves generating microstructures 
on the surface of the materials and assembling them into microfluidic devices. Originally, the 
microfabrication technique is used in the manufacturing process of microelectronic devices 
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made of costly silicon, glass, and metal substrates. Later on, the soft lithography, a 
microfabrication technique of interest, was developed allowing the transfer of micropatterns 
from soft and flexible mold to a broader range of low cost substrates including thermoplastics or 
thermosettings (Xia and Whitesides 1998; Qin et al 1998; Qin et al 2010). With this technique, 
the microfluidic devices made of a broad range of materials have been fabricated and utilized in 
several research areas, from chemical and biological analysis to optic and information 
technology (Whitesides 2006). The manipulation of fluids in miniaturized channels (a few to 
hundred micrometers) has several advantages: small quantity of samples and reagent 
requirement; high resolution and sensitivity for analytical measurement and detection; low cost; 
short analytical time; and portable onsite devices (Whitesides 2006). Environmentally friendly 
microfluidic devices are becoming progressively more important in applications where a great 
number of samples or trials are required, such as onsite detection (Fiorini and Chiu 2005). The 
use of biodegradable materials from agricultural origins as substrates for microfluidic devices 
can serve as disposable environmentally friendly microfluidic devices that possibly provide 
distinct properties allowing novel applications. 
Objectives of this research project 
The overall objective of this research project is to explore the feasibility of applying two 
nanotechnology approaches to advance zein in a wide-range that leads to novel applications. 
First, to improve the physical properties including thermal, mechanical and barrier 
properties of zein films for packaging applications, the polymer nanoclay nanocomposite 
technique was applied to commonly-used zein film formation processes. The resulted 
nanocomposite films were characterized for their microstructures. Moreover, the performances 
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of the films were evaluated for the mechanical, barrier, and thermal properties as a function of 
the nanoclay content. To investigate the role of nanoclays in the viscoelasticity of zein 
nanocomposite resins that were used for film formation via extrusion blowing technique, the 
rheological properties at linear and nonlinear regimes of the zein nanocomposite materials were 
characterized as a function of nanoclay content. The steady shear measurements, the small 
amplitude oscillatory measurements, as well as the transient stress relaxation measurements 
were conducted to obtain several rheological parameters, such as steady shear viscosities, 
storage and loss moduli, and stress relaxation moduli of zein nanocomposite resins. Later on, 
these parameters were used for simulating the viscoelastic behaviors of zein nanocomposite 
resin using the widely-used Wagner constitutive model (Wang and Kokini 1995; 
Dhanasekharan and Kokini 1999 ). 
To investigate the feasibility of fabricating zein film with micro- and nanopatterns and to 
explore the applications of zein microfluidic devices, the fabrication technique based on soft 
lithography was used to create various sizes and designs of zein films. In addition, the bonding 
processes for assembling patterned zein films to other mating materials were developed. The 
bonding quality was evaluated and the potential applications of zein microfluidic devices were 
tested covering the basic microfluidic components to cell culture applications.  
The originality of this research is that it covers broad spectrum of nanostructure creation 
of zein biomaterial by studying nanocomposite structures that occur inside the zein matrix as 
well as the patterned nanostructures that occur on the surface of the zein films. Moreover, 
several novel characterization tools used in this research not only provides fundamental 
information of zein nanostructure but also reports novel characteristic properties of zein that can 
lead to several innovative research opportunities. 
6 
 
CHAPTER 2 
LITERATURE REVIEW 
2.1 Zein: Background and applications 
Corn or maize (Zea Mays) is one of the major cereal crops in the world (Shewry and 
Halford 2002). The U.S. has been number one in the world in corn production and in corn 
product exporter. Aside from feed stocks and export, the major corn usage includes fuel ethanol 
(77%), high fructose corn syrup (10%) and corn starch (5%). Yellow dent corn, the most utilized 
variety comprises of 61% starch, 3.8 % of oil and 19.8% fiber and protein (Anoymous 2012b). 
Zein, the prolamin protein found only in corn endosperm, accounts for 50-70% of total protein 
(Holding and Larkins 2009). Zein can be extracted from corn products/coproducts which are 
commonly processed from four different methods: wet-milling, dry-milling, dry-grind 
processing, and alkaline treatment (Shukla and Cheryan 2001). Therefore, zein properties and 
purity may vary. The commercial zein is commonly extracted from corn gluten meal which is the 
co-product of corn wet-milling (Anderson and Lamsal 2011).  
2.1.1 Zein: Chemistry 
Zein, a heterogeneous protein is classified into different fractions according to its 
solubility in aqueous ethanol as α-zein, β-zein, δ-zein, which each of them has unique 
polypeptide components (Esen 1986). Paulis (1981) fractionated native zein with 95% ethanol 
resulting in a soluble α-fraction and an insoluble β-fraction. The α-fraction contained monomers 
and low molecular weight oligomers, whereas β-fraction contained higher molecular weight 
oligomers. With the presence of a reducing agent, α-fraction and β-fraction had similar molecular 
weight of 22,000 and 24,000 Da (Paulis 1981). Zein was also fractionated by reduced aqueous 2-
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propanol resulting in three distinct fractions: α-zein, β-zein, and γ-zein with α-zein being the 
most abundant fraction (75-85% of total zein) (Esen 1987). The α-zein was soluble in 50-95% 
(v/v) 2-propanol and insoluble in 30% 2-propanol with 30 mM sodium ethanoate at pH 6.0 with 
molecular band at 21,000-25,000 Da and 10,000 Da. The β-zein was soluble in 30-85% (v/v) 2-
propanol with reducing agent and insoluble in 90% and 30% 2-propanol with 30 mM sodium 
ethanoate at pH 6.0 with molecular band at 17,000-18,000 Da. This fraction accounted for 10-15 
% of total zein and rich in methionine. The γ-zein, which constituted just 5-10%, was soluble in 
0-80% (v/v) 2-propanol with reducing agent and 30% 2-propanol with 30 mM sodium ethanoate 
at pH 6.0. This proline-rich fraction had only one size class at 27,000 Da (Esen 1987). The δ-zein 
was introduced at the fraction at a band of 10,000 Da later also by Esen (1990). The list of amino 
acid contents in each zein fractions are as shown in Table 2.1. It can be seen that all fractions of 
zein are rich in Glutamine, Leusine, and Proline, which are nonpolar amino acids. 
The commercially available zein is mainly α-zein (Lawton 2002) . The α-zein comprises 
of two main fractions which are the Z19 and Z22 corresponding to the apparent molecular 
weight of 19,000 Da and 22,000 Da determined by a SDS-PAGE. Z19 and Z22 contain 210-220 
and 240-245 amino acid residuals, resulting in the true molecular weight of 23,000-24,000 and 
26,500-27,000, respectively (Shewry and Tatham 2002; Shrewry and Halford 1990). Argos and 
coworkers (1982) studied the structure of Z19 and Z22 fractions of α-zein in methanol using a 
circular dichroism method. The α-zein comprised mainly of α-helix structure (50-60%) with 
turns and random coils as the remaining structure. 
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Table 2.1 Amino acid residues in different fractions of zein (Larkins et al 1993). 
Amino Acids  -zein  -zein  -zein  -zein  
Ala  34 18 10 7 
Arg  4 7 5 0 
Asn  13 2 0 3 
Asp  0 4 0 1 
Cys  1 6 14 5 
Gln  31 28 30 15 
Glu  1 5 2 0 
Gly  2 12 13 4 
His  3 4 16 3 
Ile  11 1 4 3 
Leu  42 15 19 15 
Lys  0 0 0 0 
Met  5 11 2 29 
Phe  8 0 2 5 
Pro  22 13 51 20 
Ser  18 11 4 8 
Thr  7 5 9 5 
Trp  0 1 0 0 
Tyr  6 16 4 1 
Val  17 4 15 5 
Total residues 225 163 200 129 
 
Both Z19 and Z22 shared similar amino acid sequences as shown in Figure 2.1. The N- 
terminal contained 37 amino acid residuals while the C-terminal had about 10 residuals. Both 
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termini were separated by the repeating domain comprised of about 20 residuals. Based on a high 
content of α-helices, the repeating domain was proposed to be hydrophobic helices flanked by 
polar glutamine-rich turn regions. The 9 repeating units aligned in antiparallel manner to each 
other with hydrogen bonding at the polar region (Figure 2.2 a). The polar glutamin-rich areas 
which were turns existed at the top and the bottom of the cylindrical cluster resulting in 
ellipsoidal zein structure. This model allowed the stacking of zein molecular planes as shown in 
Figure 2.2b.  
 
Figure 2.1 Amino acid sequences of Z19 and Z22 (Shrewry and Tatham 1990). 
 
Figure 2.2. The top view of the proposed nine helical zein structural model, (a); The proposed 
model of the arrangement of stacking of zein clusters (b) (Argos et al 1982). 
b
) 
a
) 
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Matsushima and coworkers (Matsushima et al 1997) also proposed the structural model 
of α-zein by means of an X-ray diffraction technique to be an elongated molecular structure (rod-
like). The structure consists of 10-11 α- helical segments folded upon each other in an 
antiparallel manner stabilized by hydrogen bonds and linked together by glutamine rich turns. 
The planar comprises of glutamine rich turns is hydrophilic whereas the planar comprises the 
helical segments is hydrophobic (Figure. 2.3).  
 
Figure 2.3. The model structure of zein proposed by Matsushima (Matsushima et al 1997).  
 The state diagram of zein was proposed by Madeka and Kokini (1996). They found that 
water was a strong plastizer for zein. In Figure 2.4, zein at low temperature (30-60 
o
C) is in the 
entangled polymer flow region at the moisture content of 25 to 40 %. While at high temperature 
(70-130 
o
C), the moisture content at which zein is in the entangled polymer flow is in a range of 
15 to 25 %. The mobility of zein in the entangled polymer flow region allowed zein molecules to 
be susceptible to interactions with other molecules in the systems (Madeka and Kokini 1996).  
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Figure 2.4 The state diagram of zein (Madeka and Kokini 1996). 
2.1.2 Zein: Industrial applications 
The lack of essential amino acids has limited the human consumption of zein (Esen 
1987). The industrial applications of zein include plastics, coatings, inks, chewing gum, 
adhesives, and fibers (Lawton 2002; Shukla and Cheryan 2001; Anderson and Lamsal 2011).  
Selected current research focusing on applications of zein protein is as followed. 
2.1.2.1 Zein films as packaging material. 
Zein is a promising material for packaging applications. Zein films can be formed by 
different processes including solution casting and thermoplastic processing. The solution casting 
involves dissolving zein in aqueous ethanol solution, casting the solution to a non-sticky surface, 
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and removing the solvent to obtain thin films (Lai and Padua 1997). Zein films can also be 
formed by precipitating zein solution in cold water to obtain zein viscoelastic moldable resin and 
forming films by extrusion blowing method (Wang and Padua 2003). Oliviero and coworkers 
(Oliviero et al 2010) prepared zein film from film blowing technology using thermoplasticized 
zein without the solubilization step. The thermoplasticized zein material prepared by mixing zein 
and Polyethylene glycol 400 in a twin counter rotating internal mixer at 70 
o
C, 50 rpm and 10 
minutes, was then compressed to obtain a 1 mm slab. The film was then formed by extruding the 
thermoplasticized zein material through a twin screw extruder connected with blowing head.  
Zein free standing films are normally brittle. Therefore, plasticizers are always added to 
improve the flexibility of films as they suppress the glass transition temperature. Several 
plasticizers such as glycerol and oleic acid were used and the obtained films showed different 
properties (Lai and Padua 1997). The use of hydrophobic plasticizers, instead of hydrophilic 
plasticizers in improving the tensile properties, resulted in more stable films over a wide range of 
relative humidity (Lawton 2004). The cross-linking agent was also used to improve zein film 
properties (Kim et al 2004). Zein was cross-linked with Glutaraldehyde in glacial acetic acid. 
The cross-linked films had greater tensile strength with increasing the degree of cross-linking, 
but the ductility of the cross-linked films increased then dropped at the high degree of cross-
linking (Sessa et al 2007). Lamination is also found to improve zein film properties. 
Ghanbarzadeh and Oromiehi (2008) investigated the effect of lamination whey protein, a water 
soluble milk protein, and zein films by compressing the two films together at a high temperature. 
The laminated film exhibited greater tensile and water vapor barrier properties than the original 
whey protein and zein films.  
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2.1.2.2 Zein in encapsulation and delivery systems 
Zein is also a good candidate for food and drug delivery systems, basically due to its 
biodegradability and biocompatibility. Zein can be formed into micro and nanosized particles 
that potentially carry drugs or neutraceuticals for delivery systems. Zein were formed into 
nanospheres with the diameter ranged from 100-200 nm using liquid-liquid dispersion technique 
in which the technique involved shearing zein aqueous ethanol solution into a deionized water 
with constant shear rate (Zhong and Jin 2008). Zein hollow nanoparticles with a diameter less 
than 100 nm were successfully fabricated. Firstly, zein was coated on sodium carbonate 
sacrificial cores. Then the mixture was precipitated in water where the sodium carbonate was 
solubilized, leaving just hollow zein nanoparticles behind (Xu et al 2011). The hollow zein 
nanoparticles were loaded with a drug metformin for delivery to fibroblast cells. The metformin 
containing zein nanoparticles showed a steady controlled release profile. The zein nanoparticles 
demonstrated a possibility in diffusion into fibroblast cells (Xu et al 2011). Aside from drug 
delivery, zein nanoparticles coated with carboxymethyl chitosan were prepared for encapsulation 
of vitamin D3. The carboxymethyl chitosan coating helped retaining the nanoparticles from 
photodegradation and improved the controlled release of vitamin D3 in the stomach and 
intestinal like environment (Luo et al 2012). 
2.1.2.3 Zein in biomedical applications 
Due to the biocompatibility, zein is a promising material for tissue culture in biomedical 
applications. Zein biochemical grade was fabricated into a porous scaffold by a salt leaching 
technique with the salt concentration controlling the mechanical properties of the resulted 
scaffold (Gong et al 2006). While the zein scaffold showed sufficient strength, it also effectively 
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served as a cell culture base for growing and proliferating of rat mesebchyma stem cells. 
Furthermore, the zein porous scaffold was used for implantation in rabbits and the in vivo 
compatibility of zein scaffold was observed overtime. The porosity of zein scaffold facilitated 
cell migration through material and allowed blood vessels formation within the material early 
after implantation. The researchers also found that the zein scaffold completely degraded within 
approximately 3 months suggesting zein scaffold a good biocompatible (Wang et al 2005a).    
2.2 Polymer nanoclay (layered silicate) nanocomposite technique (PNN) 
2.2.1 Nanoclay structure 
A PNN technique has been used to enhance mechanical and barrier properties of 
synthetic polymers (Alexandre and Dubois 2000; Ray and Bousmina 2005; Hussain et al 2006). 
Addition of nano-fillers which at least have one dimension in nanometer scale inside polymer 
matrix provides a new class of composite materials called polymer nanocomposites. The 
advantage of the use of nano-filler materials is due to their high aspect ratio (length to thickness). 
They have the ability to yield remarkable changes in physical properties even if they are added in 
a very small amount within the polymers (Ray and Bousmina 2005; Hussain et al 2006). 
Nanoclay or layered silicate or nanosilicate is a type of nano-filler which is a phyllosilicate 
comprised of one octahedral sheet sandwiched with two tetrahedral sheets. The layer thickness is 
~1 nm and the lateral dimensions may vary from 30 nm to several microns (Figure 2.5a). 
Stacking of the layers leads to regular Van der Waals forces resulting in a gap called interlayer or 
gallery (Alexandre and Dubois 2000). The natural nanoclay gallery is usually hydrated with 
alkali earth cations as to counterbalance the negative charges generated by isomorphic 
substitution within the layer (for example, Al
+3
 substituted by Mg
+2
 or by Fe
+2
, or Mg
+2
 
substituted by Li
+1
). The most common used nanoclays are montmorillonite (MMT), hectorite, 
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and saponite. Natural nanoclay is hydrophilic, in order to use nanoclay with hydrophobic 
polymer, an organically-modification is applied. The surface modification can be done by ion-
exchange reactions with cationic surfactants as alkylammonium or alkylphosphonium cations. 
This results in lower surface energy and increase gallery spacing. The MMT is the most often 
used nanoclay in several studies (Alexandre and Dubois 2000; Ray and Bousmina 2005; Hussain 
et al 2006). The chemical structure of MMT is Mx(Al4-x Mgx)Si8O20(OH)4 where M is 
monovalent cation and x is degree of isomorphous substitution. 
2.2.2 Nanocomposite structures 
 Once polymers are mixed with nanoclay, two possible types of nanocomposite structures 
can be obtained. They are exfoliated and intercalated nanocomposite structures (Figure 2.5b). 
Exfoliated structure is obtained when nanoclay platelets are delaminated in polymer matrix. 
Intercalated structure occurs when the polymer chains are able to diffuse into the interlayer of the 
nanoclay. In case of no interaction between nanoclay and polymer, this structure is called micro-
composite. 
a)                   b)  
Figure 2.5 Nanoclay structure, a) and polymer nanocomposite structure, b) (Alexandre and 
Dubois 2000). 
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2.2.3 Advantages of nanoclay addition 
The PNN structure and the distribution of nanoclay platelets in the polymer matrix 
determine the degree of physical properties improvement (mechanical properties, gas barrier 
properties and thermal resistant)  (Hussain et al 2006). The uniform distribution of exfoliated 
impermeable nanoclay platelets increases the diffusion path length of small molecules 
throughout the polymer matrix (Rhim et al 2009). Moreover, nanoclay platelets also act as 
insulators and mass transport barrier to the volatile compounds generated during the polymer 
thermal decomposition process (Cho and Paul 2001). Researchers have found that exfoliated 
nanocomposite structure leads to optimum mechanical properties of the resulted nanocomposite. 
On the other hand, the intercalated nanocomposite structure could improve the mechanical 
properties at some extent (Koo 2006). The keys to successfully fabricate polymer nanoclay 
nanocomposite films with improved properties include the process that can disperse nanoclay 
platelets in the polymer matrix and the chemical compatibility between nanoclay and polymers 
(Vaia et al 1996; Okamoto 2004). The PNN formation strongly depends on the thermodynamic 
interaction between the polymer segments and the nanoclay surface (Vaia et al 1996). Therefore, 
it is still a challenge to create a suitable methodology for fabricating polymer-nanoclay hybrid 
which results in great properties improvement.  
2.2.4 Characterization tools 
The techniques commonly used in microstructure characterization of nanocomposite 
materials include X-ray diffraction (XRD), Transmission electron microscopy (TEM), Scanning 
electron microscopy (SEM), Thermal gravimetric analyses (TGA), Differential scanning 
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calorimetry (DSC), mechanical properties and flammability and the tests related to the final 
applications (Koo 2006).  
The XRD is a non-destructive and the most widely used characterization technique. The 
XRD is used to measure the diffraction of the incident beam from a parallel set of imaginary 
planes, in our case the stacking layered silicates (nanoclay). The diffracted beam has a distinct 
angle (θ) in which it is related to the spacing between planes as shown in Figure 2.6. Following 
Bragg’s law, the spacing can be calculated from: 
d
n
2
sin            (2-1) 
where d is the spacing between the planes in the crystalline phase, λ is the x-ray wavelength, and 
n is the integer number representing the order of diffraction peak (Koo 2006). 
 
Figure 2.6 Bragg’s law 
 The XRD provides a tentative conclusion of the dispersion of nanoclay in polymer 
matrix by measuring the interlayer spacing of the crystalline nanoclay. Nanoclay owns 
crystalline structure, thus having a regular XRD pattern. The interlayer spacing can be calculated 
from the first peak of the XRD pattern. The absence of the peak indicates the exfoliated structure 
where there is a delaminating of the original stacked nanoclay.  
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The TEM is used for observing and analyzing the microstructure of thinned samples. The 
TEM uses the same principle of light microscope but replacing the common light source with 
electrons. The electron based illumination system is used to probe the entire area of the 
specimen. Then the transmitted beam is collected and passed through a multiple lens to form 
high resolution images. The sample must be 70-100 nanometers thick. The TEM gives the 
comprehensive view of the specimen interior structure. The TEM is usually used in 
complementary with the XRD in which it provides visual qualitative internal structure 
information (Okamoto 2004; Koo 2006).  
The SEM uses electron beam to generate the large magnified images. Unlike TEM, SEM 
scans electron beam across the sample. Once the electron beam hits the sample surface on a very 
small spot, the X-ray, back scattered electrons and secondary electrons are collected and 
amplified by a detector. The detector then converts those into signals that later generates images. 
For samples that are insulators, their surfaces should be coated with thin evaporated layer of 
metal (Smith and Oatley 1955).  
An example of polymer nanoclay nanocomposite characterization is shown in Figure 2.7. 
The XRD patterns show that the original organo modified nanoclay has a sharp peak at about 4
o
 
2θ. In the case of intercalated polymer nanoclay nanocomposite structure, the peak shifts towards 
lower angles with smaller sharpness. This indicates an increase in the interlayer spacing due to 
polymer penetration, while the stacking structure is preserved. On the other hand, the peak 
disappears as a result of the extensive layer separation. TEM images also compromise with the 
XRD results. 
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Figure 2.7 The wide angle x-ray diffraction patterns and transmission electron microscopy 
images of two types of nanocomposite structures (adapted from Okamoto 2004). 
2.2.5 Polymer nanoclay nanocomposite processes 
The PNN have been prepared by several processes which are generally classified into 
three groups: i) the intercalation of polymer or prepolymer from solution which is based on a 
dispersion of polymer and a swollen nanoclay in the same solvent; ii) the In Situ intercalative 
polymerization which is based on the polymerization of monomer in the mixture with swollen 
nanoclay; and iii) the melt intercalation which is involved mixing the nanoclay and polymer at 
above softening point of the polymer (Alexandre and Dubois 2000). In order to successfully 
produce polymer nanocomposite materials, one needs to consider the chemical compatibility 
between the polymer and the nanoclay together with the suitable process. The original successful 
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story of polymer nanoclay nanocomposites was the nanocomposite of nanoclay and Nylon 6 
from Toyota researchers in 1990s in which they found that the small amount of nanoclay (<5 
wt.%) dramatically improved the tensile properties and thermal resistant of Nylon 6. This 
nanocomposite material has been used for producing a timing belt for a vehicle (Hussain et al 
2006). In general, 0-10 wt.% of nanoclay is the common range that used in the study of 
nanocomposites (Alexandre and Dubois 2000). 
2.2.6 Applications of PNN technology in protein-based packaging materials  
The PNN technology has been applied extensively to bio-based polymers in the past 
decade as a result of an increase in environmental concern of the utilization of non-biodegradable 
synthetic polymers for packaging applications. Wheat gluten is one of the plant derived 
biopolymers that has been modified by incorporating with MMT (Tunc et al 2007; Angellier-
Coussy et al 2008). The wheat gluten MMT nanocomposite films were prepared by solvent 
casting (Tunc et al 2007). In the preparation process, the wheat gluten was solubilized in sodium 
sulfite solution at pH 4 to reduce disulphide bond. At the same time, the unmodified MMT was 
dissolved in water and mixed with glycerol using sonicator. Then both mixtures were mixed 
together, cast on non-sticky surface, and dried at 25 
o
C, 70% relative humidity for 16 hours. By 
this fabrication method, the MMT dispersed uniformly in the wheat gluten matrix with some 
MMT aggregates. The MMT loading affected the water vapor permeability (WVP) of wheat 
gluten films but not the gas permeability. The WVP reduced approximately by half in the film 
containing 5 wt.% MMT. The tensile modulus increased with the MMT content, whereas the 
elongation at break started to drop at percentage of MMT greater than 5 wt.%.  The wheat gluten 
MMT nanocomposite film was also fabricated by the process resembled melt intercalation 
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(Angellier-Coussy et al 2008). The wheat gluten, MMT and glycerol were mixed in the two 
blades counter rotating batch mixer at 15 
o
C. Later on the mixtures were hot-pressed at 150 Bar 
for 5 minutes. The inclusion of MMT to wheat gluten films resulted in tougher film but lack in 
flexibility. The films contained MMT were more yellow-brown than the unfilled film (Angellier-
Coussy et al 2008). 
Soy protein isolate (SPI) is also one of the promising biopolymers in which it has been 
studied for packaging applications for many decades. SPI MMT nanocomposite films were 
formed by melt extrusion technique (Kumar et al 2010). The SPI, glycerol and MMT were mixed 
and extruded in a twin-screw co-rotating extruder. After that, the SPI MMT nanocomposite 
extrudate was dried and ground. The nanocomposite powder was then dissolved in water at pH 9 
and heated to 95 
o
C for 20 minutes before cast on Petri dishes. After the films were left dried at 
ambient condition for 48 hours, the SPI MMT nanocomposite films were obtained. The structure 
analysis of the SPI MMT nanocomposite powder showed that at 5wt.% MMT content resulted in 
exfoliated nanocomposite structure. However, at higher amount of MMT, the intercalated 
nanocomposite structures were obtained. The tensile strength, glass transition temperature and 
storage modulus dramatically increased relative to increasing MMT concentration due to SPI 
polymer chains were confined in MMT platelets, thus limiting the mobility. At high percentage 
of MMT, the flexibility of the SPI MMT films was diminished. The water vapor permeability of 
the SPI MMT films decreased as the MMT content increased. The SPI MMT films fabricated by 
this method could result in the films with tensile properties comparable to synthetic polymer 
films (Kumar et al 2010).  
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2.2.7 Viscoelastic properties of nanocomposite materials 
In the polymer nanoclay nanocomposite (PNN) processing, the polymer is usually mixed 
with nanoclay in a molten state. This state is believed to be the most effective state that allows 
nanoclay dispersion uniformly within the polymer matrix. The rheological properties of polymer 
melts provide the information of internal microstructure during processing which is important for 
further process optimization. The addition of any filler to improve the polymer properties leads 
to more complexity of rheological properties. The shape, size, concentration, and surface 
properties of the fillers are always the main factors that alter the rheological properties (Lee and 
Youn, 2008). The rigidity of nanoclay influenced the storage modulus at low shear rate, resulting 
in less frequency dependence in several polymers (Ren and Krishnamoorti 2000; Krishnamoorti 
et al 2001).  The viscoelastic properties of polystyrene nanocomposite materials exhibited more 
solid-like behavior as the amount of nanoclay increased, indicating the interactions between 
nanoclay and polystyrene (Sohn et al 2003). The viscoelastic properties of starch, nanoclay and 
water mixture were determined by dynamic shear oscillatory test. It showed that the 
viscoelasticity of the hybrid starch was nanoclay type dependent (Chiou et al 2005). The starch 
with hydrophilic nanoclay hybrid exhibited larger magnitude of storage and loss moduli than the 
one with hydrophobic nanoclay, and the effect became more pronounced during cooking.  The 
creep and stress relaxation tests are good tools to demonstrate the material behavior during 
processing as the force or strain is applied to the material for a certain time and the material 
response is observed. Chiou and co-workers (2005) also presented that the inclusion of nanoclay 
to the starch matrix reduced the creep compliance, indicating the rigidity of nanoclay restricted 
the polymer chain mobility (Chiou et al 2005).  The basic background of rheological properties 
of polymer melts is presented in section 2.3. 
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2.3 Rheological properties  
2.3.1 Relaxation phenomena 
A material that exhibits both elastic and viscous behavior is considered viscoelastic 
material. The viscoelasticity is a mechanical behavior, that is both time and temperature 
dependence (Sperling 2006). As the bulk polymer is stressed through the surrounding medium, 
the polymer segment chains response to the applied force by readjusting themselves to the lowest 
free energy stage as to relieve stress. The small amount of temporarily raised free energy 
dissipating each time the polymer segment reorienting is known as stress relaxation (Matsuoka 
1992). 
Figure 2.8 shows three regions of the master stress relaxation modulus curve of linear 
amorphous polymers (Matsuoka 1992). Three main regions in the stress relaxation curve are (1) 
the glassy region or short time solid-like relaxation process, (2) the transition region at the 
intermediate time range, and (3) the plateau or the terminal region for a lightly crosslinked 
polymer. Two more regions may be observed which are the rubbery flow region and liquid flow 
region. The rubbery flow region can be observed at past rubbery plateau as the modulus begins 
to drop. The liquid flow region is observed where the modulus relaxes rapidly for linear 
polymers (Sperling 2006). 
1. Glassy region. In a very short time, the large range of reorientation of the polymer 
segments is impossible. The average conformational change is very small at the scale of the 
whole molecule. The way to dissipate energy is only limited to the vibrations and short-range 
rotational motions (Sperling 2006). A configuration change from trans to gauche is also 
possible, however it depends on the local structural environment (Matsuoka 1992).  The glassy 
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area is observed in some polymers and nonpolymeric glass-forming liquids. The Kohlrausch-
Williams-Watts (KWW) equation is the best known to fit this region. 
   )exp(
c
o
t
GG      (KWW equation)  (2-2) 
where the λc is the characteristic relaxation time and the parameter β is usually equal to 0.5. 
2. Glass transition region. At longer time, the large range of polymer segment reorientation 
is possible, resulting in a dramatically decrease of modulus. The glass transition region range 
may vary depending upon the molecular weight of the polymers. The high molecular weight 
polymer usually has longer range of transition than the one with lower molecular weight 
(Matsuoka 1992). 
3. Plateau and terminal region. At even longer times, modulus becomes almost constant 
again. In this rubbery plateau, the elastomeric polymers can be stretched to a very long range and 
snap back to its original length at the removing of the stress (Sperling 2006). The polymer with 
lightly cross-linked has longer plateau region as the long range translational motion is limited. 
The cross-linked process is known to give rise in intermolecular interactions or best known as 
entanglement effects (Matsuoka 1992). The plateau and terminal regions are molecular weight 
dependent. The plateau region is absent in polymers with molecular weight less than the critical 
molecular weight. This region of the relaxation spectrum is important for the melt rheology as 
well as strength of solid polymers (Matsuoka 1992).  
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Figure 2.8 The master stress relaxation modulus curve of an amorphous polymer in 
thermodynamic equilibrium (Matsuoka 1992). 
2.3.2 Simple shear 
In order to qualitatively describe rheological properties of material such as defining 
material constants (viscosity) or material functions (relaxation modulus), first the well-defined 
quantitative measurement of force and deformation should be established. Figure 2.9 shows the 
schematic diagram of simple shear. The material is placed between two flat plates with a fixed 
gap (h) between them. The upper plate moves parallelly to itself while the lower plate is 
stationary. The deformation in this manner is called “simple shear” (Darby 1976; Dealy and 
Wissburn 1990). The stress tensor with a nonzero component is as followed: 
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Figure 2.9 Simple shear (2plates, gap=h) (Dealy and Wissburn 1990). 
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The displacement gradient tensor is given as followed: 
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The shear strain tensor is then the sum of the displacement gradient tensor and its 
transpose: 
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For simple shear as shown in Figure 2.8, the only nonzero component of the strain tensor 
is 12  : 
    
h
x
2112    (2-6) 
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The shear rate which can be derived from the strain with respect to time is defined as: 
  
h
V
h
t
X
dt
d
2112   (2-7) 
The first and second normal stress differences are defined as: 
     22111N    (2-8) 
   33222N           (2-9) 
The three material functions in simple shear which are shear viscosity η, the first normal 
stress coefficient ψ1, and the second normal stress coefficient ψ2, can be defined as follows: 
The viscosity:                         (2-10) 
The first normal stress coefficient:         
2
1
1
N
        (2-11) 
The second normal stress coefficient:         
2
2
2
N
         (2-12) 
2.3.3 Wagner constitutive model 
Constitutive models are able to describe the behavior of food materials in all components 
of stress and strain and strain rate. Moreover, data obtained from one kind of experiment can be 
used for a prediction of data that would be obtained from another kind of experiment (Kokini et 
al 1995). 
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a. Finger tensor 
 In a large deformation, the strain tensor defined in Eq.(2-5) must be replaced by a finite 
measure of strain. A simple shear flow at a constant shear rate and a constant volume can be 
described in terms of shear deformation tt)( and the Finger tensor )'(1 tCt is given by: 
    
100
01)'(
0)'())'((1
)'(
2
1 tt
tttt
tCt                    (2-13) 
where t is the time at which the material is in its reference configuration while t’ is the time at 
which the strain is evaluated, relative to the reference configuration time, t.  
 The invariants of )'(1 tCt are: 
      3))'(( 221 ttII                   (2-14) 
     13I     (2-15) 
b. Wagner constitutive model 
 Polymer fluids show both elastic and viscous behavior. Several “continuum models” are 
based on the rubberlike liquid model to improve the ability to fit the nonlinear viscoelasticity of 
polymer melts. The Lodge rubberlike liquid model is given as follows: 
  ')',()'()( 1 dtttCttmt
t
tji
                  (2-16) 
where m(t-t’) is the memory function.  
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 The relation between the memory function and the relaxation modulus of the rubberlike 
liquid can be found using Eq.(2-15) to calculate the shear stress resulting from step shear strain 
of magnitude γ , imposed on a rubberlike liquid at time t=0 (Dealy and Wissburn 1990). For 
simple shear deformation, the )'(1 tCt in Eq.(2-12) then equals to [γ(t-t’)]. For a specified 
deformation for t>0 , the shear strain for t’>0 is zero. Then the Eq.(2-15) is: 
           
t
dtttmt ')'()(                (2-16) 
where σ(t) is equal to τ12 .  
The relaxation modulus is defined as: 
t
dtttm
t
tG ')'(
)(
)(            (2-17) 
Eq.(2-17) shows that the stress relaxation modulus of rubberlike liquid is independent of 
strain. Moreover, the memory function m(t-t’) is a linear viscoelastic property. Lodge assumed 
that the polymer molecule in melt state can be regarded as forming a network in which 
entanglements correspond to temporary crosslinks. The memory function following Lodge’s 
network theory then is: 
      
i
n
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i ttGttm
'
exp)'(
1
                (2-18) 
From Eq. (2-17), the relaxation modulus corresponding to this memory function is 
identical to that of the generalized Maxwell model (Dealy and Wissburn 1990). The constitutive 
equation of Lodge’s network theory is: 
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The Lodge rubberlike liquid model cannot adequately describe many materials in their 
nonlinear region. The continuum model that represents the nonlinear viscoelasticity is the BKZ 
model which was developed by Bernstein, Kearsley and Zapas (Bernstein et al 1963). In this 
theory, the constitutive equation of a viscoelastic material is: 
')',(2)',(2)(
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t
t
ttij     (2-20) 
Where Ct is a Cauchy tensor and u is a time-dependent elastic energy potential function: 
    )',,( 21 ttII                                     (2-21) 
This function must be obtained experimentally, by the study of large, rapid deformations. 
This makes the BKZ model to be useful. 
 In Wagner model the Cauchy tensor of KBZ model is omitted. It was assumed that there 
was no secondary normal stress difference. The extra stress tensor τ is only related to the Finger 
strain tensor 1tC by a linear integral equation.  
     ')'(),,'(
1
211 dttCIIttm t
t
    (2-22) 
where the I1, I2 are the first and second invariants of the relative Finger strain tensor. The 
memory function in the nonlinear region has been separated into time-dependent and strain-
dependent (Wagner 1976).   
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where )'( tt  is the time-dependent linear memory function which equivalent to series of 
exponential functions using generalized Maxwell elements: 
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where λi are time constants and Gi are discrete relaxation moduli. Then linear stress relaxation 
spectra G(t) is given  as 
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'
exp(')'()(
1
t n
i i
tt
GidttttG   (2-25) 
 
 For example, generalized Maxwell model Eq. (2-25) with 12 Gi-λi pairs gave a good fit to 
the linear stress relaxation modulus (γ=10%) for 55% moisture gluten dough sample (Wang and 
Kokini 1995) as shown in Figure 2.10. 
),( 21 IIh is the strain-dependent damping function. The damping function approaches 
unity in the linear region and decreases as the strain increases for nonlinear materials. This 
unknown function must be determined for each polymer. However, this function is useful in 
terms of interpretation of experimental data and prediction of behavior in nonlinear region 
(Dealy and Wissburn, 1990).  
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Figure 2.10 The linear stress relaxation modulus of 55% moisture gluten dough with the 
prediction line using 24 parameters generalized Maxwell model (Wang and Kokini 1995). 
According to Eq. (2-22), additional relaxation of network junctions occurs as the strain 
imposed, while the rate of formation of network junctions remains unchanged because of the 
flow. All junctions of the rubberlike network, which is characterized by the spectrum of 
relaxation times, show the same strain dependence expressed by the damping function (Wagner, 
1976). 
The final form of Wagner constitutive model is as follows: 
       ')',(),()
'
exp()'( 121 dtttCIIh
ttG
tt t
i
t
i
i           (2-26) 
 The time dependent memory function can be obtained by fitting the experimental data of 
stress relaxation modulus with generalized Maxwell model. The stress relaxation modulus is 
defined by the following equation. 
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where Ge is the equilibrium stress relaxation modulus for solid like materials. Gi and λi are the 
relaxation modulus and relaxation time, respectively.  
 The oscillatory shear flow can be approximated by the discrete relaxation spectrum by 
generalized Maxwell equation as well. 
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The damping function can be defined as:   
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where G(t,γ) and G(t,γ0) are  the nonlinear stress and the linear stress relaxation moduli, 
respectively. Wagner (Wagner 1976) proposed the simple exponential damping function as: 
    )exp()( nh                  (2-31) 
 Osaki (Osaki 1993) proposed the damping function which is a sum of 2 exponential 
terms: 
  )))(exp(1())(exp()( 21 nnh   (2-32) 
Zapas (Zapas 1966) proposed the damping function as: 
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While, Soskey and Winter (Soskey and Winter 1984) proposed the modified version of 
Zapas’ damping function as: 
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Damping functions have been used in wheat flour dough, gliadin and gluten. Wang and 
Kokini (Wang and Kokini 1995) used a damping function proposed by Osaki and successfully 
simulated experimental data of gluten and gliadin (Figure 2.11). The Wagner model successfully 
predicted the steady state viscosity at intermediate and high shear rate, while underpredicted the 
steady state viscosity at low shear rate (Figure 2.12). 
 
Figure 2.11 Simulation of the damping function by four types of mathematical model. Sample 
was 55% moisture gluten dough (Wang and Kokini 1995). 
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Figure 2.12 The steady shear viscosity of 55% moisture gluten dough with the Wagner 
prediction line (Wang and Kokini 1995) 
 In summary, the memory function of the Wagner constitutive model can be separated into 
time dependent linear memory function and strain dependent damping function. The linear 
memory function can be obtained experimentally using the stress relaxation experiment in the 
linear viscoelastic region. The relaxation moduli in linear region can be later fitted to the 
generalized Maxwell model using nonlinear regression to obtain the discrete relaxation spectrum 
(Gi,λi) in which can be used for prediction of dynamic properties such as storage and loss moduli  
(Eq. (2-28) and (2-29)) of the linear viscoelasiticiy.  
 The damping function can be obtained from the ratio of relaxation moduli in the 
nonlinear viscoelastic region to the moduli in the linear region Eq. (2-30). The damping function 
equation that gives the best fit to the experimental damping function is later then substituted in 
the Wagner constitutive model. The linear and nonlinear shear viscosities can be predicted using 
an integrated form of Eq. (2-26) with the separation of time and strain effects. 
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2.4 Microfluidic devices  
2.4.1 Microfluidic devices: Definition 
Microfluidic devices are the designed systems which basically deal with processing or 
manipulating small amount (10
-9
-10
-18
 liters) of fluids in closed micro- or nano-scale channels 
(Whitesides, 2006).  Not only small sample requirement, these devices also have relatively 
shorter analysis times and can be portable in the field experiments. The microfluidic systems, 
may be known as Lab on a Chip, are one of the top emerging technologies (Neethirajan et al 
2011). These systems may also refer to micro total analysis systems (μTAS) which perform all 
the analytical operations including sampling, sample pretreatment, separation, dilution, mixing 
steps, chemical reactions, and detection in an integrated microfluidic platform (Harrison et al 
1993; Weigl and Yager, 1999). The modified surface chemistry and localized molecules within 
microfluidic channels has opened several potential applications including engineering and 
biomedical research fields (Sozer and Kokini 2009). Microfluidic devices can be made of wide 
range of materials including glass, silicon, elastomeric and thermoplastics materials (Xia and 
Whitesides, 1998; Cooper Mcdonald and Whitesides, 2002). Microfluidic components are 
widely used in the design of both bio-analytical and diagnostic micro-devices. More specific 
applications include electrophoresis, microemulsion formation and biomedical for a cell culture 
(Skurtys and Aguilera, 2008; Fiorini and Chiu 2005). On the other hand, the applications of 
microfluidic devices in agriculture and food systems are relatively new (Neethirajan et al 2011). 
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2.4.2 Fabrication of microfluidic devices 
 The fabrication of microfluidic devices consists of mainly two steps: 1) Replica molding 
and rapid prototyping and 2) sealing (Cooper Mcdonald and Whitesides 2002; Wu et al 2005). 
These two steps are described below; with the replica molding is one of the soft lithography 
techniques.  
2.4.2.1 Soft lithography 
Microfabrications have been used for creating microsystems such as sensors, 
microelectromechanical systems (MEMS), and microanalytical systems. There are several 
micro-patterning techniques that have been used for microfabrications. Soft lithography is one of 
the powerful microfabrication techniques in which it involves transferring a micropattern onto 
another surface using elastomeric soft material as a pattern transferred mold. This technique can 
fabricate high quality micro- and nanostructures (30nm-100 µm) in no time at low cost (Xia and 
Whitesides 1998). This technique begins with forming the elastomeric stamp. The most used 
elastomeric material in soft lithography is poly(dimethylsyloxane) (PDMS). The PDMS mold 
can easily be released from rigid master and provide a good contact on nonplanar surface (Xia 
and Whitesides 1998; Qin, Xia and Whitesides 2010). The elastomeric stamp is prepared by 
casting the pre-polymer of elastomer onto the patterned surface of the master, then curing and 
peeling off.  
The master contains a designed relief structure on its surface which can be formed by 
several microfabrications including photolithography, micromachining and stereolithography 
(SLA). In photolithography, the master is formed by first photocopying of high resolution 
design, commonly produced by computer aided design (CAD), onto a transparency. This 
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transparency or a photomask is then used to cover the silicon wafer coated with a photo curable 
epoxy layer during exposing to UV light. The part that is exposed to UV light remains on the 
silicon wafer as the material is cured, while the part that is not exposed to UV light is washable 
by solvents. Finally, only the high fidelity structure remains on the silicon wafer (Cooper 
McDonald and Whitesides 2000). On the other hand, the SLA is a three dimensional rapid 
prototyping technique commonly used in industries. The SLA requires a machine that comprises 
of a computer controlled panel containing a photoreactor bath, a laser source, and a series of 
lens. In brief, a solution of monomers in a photoreactor bath is polymerized layer by layer by 
exposing to the laser. The laser movement is controlled by a computer regarding to the three 
dimension design. The radiated monomers become totally solidified then washed with 
appropriate solvent, resulting in a prototype (Bertsch et al 2000). 
Figure 2.13 shows the common steps in fabrication of microfluidic devices made of 
PDMS. Firstly, the master is made and used as a mold for PDMS. PDMS conforms to the 
structure on the master surface and replicates with high fidelity. PDMS with pattern is then 
sealed against another mating flat surface to obtain a microfluidic device (Cooper Mcdonald and 
Whitesides 2002).  
The microfluidic devices can be made of thermoplastic materials, which are cost effective 
and can be apply in broaden research areas, using soft lithography. There are several techniques 
that share the soft lithography strategy: replica molding, microcontact printing, microtransfer 
molding, micromoling in capillaries, and solvent-assisted micromolding. The replica molding is 
the simplest technique which is suitable for patterning thermoplastic substrates. In this technique, 
the three dimensional topologies from the surface of a mold is duplicated to the substrate surface 
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(Xia and Whitesides 1998). The PDMS is considered a good transferred mold for wider ranges of 
polymer due to the low interfacial energy of its surface (Qin et al 1998). The schematic of the 
replica molding is shown in Figure 2.14. The pre-polymer of substrate is molded against a 
PDMS mold which is prepared as described previously. This technique is capable of accurately 
replicating the pattern of the surface of a master to the surface of the substrate (Xia and 
Whitesides 1998).      
 
Figure 2.13 The schematic of fabrication of microfluidic devices made of PDMS (Cooper 
Mcdonald and Whitesides 2002). 
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Figure 2.14 The schematic of replica molding technique for fabricating thermoplastic 
microfluidics (Adapted from Qin, Xia and Whitesides 2010). 
2.4.2.2 Sealing/Bonding 
 Bonding is a crucial step in the fabrication of microfluidic devices (Tsao and DeVoe 
2009; Wu et al 2005; Sun et al 2006). The bonding should result in enclosed fluidic paths 
without any leakage or distorted channels. In the focus of thermoplastic materials, the bonding 
technique can be categorized into indirect and direct bonding techniques (Tsao and DeVoe 
2009). The indirect bonding technique involves addition of thin layer of liquid adhesives, such as 
epoxies and acrylates, to make the two mating surfaces remain intact. The limitation of the 
indirect bonding is the channel clogging by excessive adhesives. The direct bonding techniques 
include thermal fusion bonding, solvent bonding, localized welding, and surface treatment and 
modification (Tsao and DeVoe 2009). The bonding method varies from polymer to polymer as 
described in the following examples. 
 Alginate is a biopolymer that can be cross-linked by calcium ion. The bonding of cacium 
alginate microfluidic devices was based on this cross-linking process (Cabodi et al 2005). The 
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calcium alginate microfluidic slab was first fabricated then only its surface was uncross-linked 
by removing of calcium. After that, the surface was placed in contact with another mating 
surface and the calcium was subsequently added back in, resulting in the cross-linking of 
alginate by calcium at the bonding area (Cabodi et al 2005). In the fabrication of thermoplastic 
copolymer of poly(methyl methacrylate) (PMMA) and the cyclic olefin copolymer (COC) 
microfluidic device, the bonding was successfully performed at low temperature by UV/Ozone 
surface treatment (Tsao et al 2007). The UV/Ozone oxidized the PMMA and COC surfaces 
resulting in more hydrophilicity in which it facilitated the bonding of the two mating surfaces at 
lower temperature than their glass transition temperatures (Tsao et al 2007). On the other hand, 
the thermal fusion bonding was used for fabrication of silk fibroin microfluidic devices 
(Bettinger et al 2007). The sacrificial thin layer of silk solution was applied in between the silk 
mating surfaces. Then the whole device was baked at 70 
o
C for 18 hour resulting in the fusion of 
the melt silk polymer from one surface to another surface. Once it was cool down, the solidified 
silk fibroin microfluidic device was obtained (Bettinger et al 2007).   
2.4.3 Microfluidic components 
The design of microfluidic systems depend mainly upon the final applications. Each 
application might require different components in which they are able to control the fluid flow in 
microscale (Fiorini and Chiu 2005). These components are inlets, outlets, valves, pumps, mixers 
and switches (Figure 2.15) (Cooper Mcdonald and Whitesides 2002; Sia and Whitesides 2003). 
Most of the pumps in microfluidics are governed by a mechanism of differential pressure or by 
an electrokinetic control, which they can be external equipment or integrated into the microchips. 
The pressure driven can be generated either by opening the inlet to the atmospheric pressure and 
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applying the vacuum at the outlet or using syringe or pump at the inlet and opening the outlet to 
the atmospheric pressure. The electrokinetic control uses voltage to generate an electric field 
across the channel to control the movement of the molecules based on their charges (Figure 
2.15a) (Sia and Whitesides, 2003). The mechanical valves or switches can be fabricated using 
elastomeric material with cross-channel design for pneumatic actuator. The upper channel is 
pressurized by an air flow, resulting in the deflecting of the air channel downward to close the 
lower channel where the fluid flows (Figure 2.15b). The fluid flow in microfluidic devices is 
laminar flow in general, due to a small channel diameter. Therefore, the design is crucial to 
obtain well-mixed fluids if the mixing of more than two fluids is required. The most successful 
mixing design is the gradient generator in which the fluid streams repeatedly split and recombine 
several times (Figure 2.15c) (Fiorini and Chiu 2005). 
2.4.4 Bio-based microfluidic devices 
The use of biomaterials has offered the disposable, biocompatible and versatile 
chemically functionalized biomicrofluidic devices (Cabodi et al 2005; King et al 2004; 
Paguirigan and Beebe, 2006; Bettinger et al 2007). The biomaterials for microfluidic applications 
should allow 1) fabrication of channels and designed geometries on their surfaces, 2) sealing the 
microfluidic channels with different materials, and 3) flowing or diffusion or small and large 
molecules (Domachuk et al 2010). Moreover, biomaterials can potentially simulate in vivo 
physiological environment which is desirable for microfluidic devices in biological applications 
(Paguirigan and Beebe 2006).  
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Figure 2.15 The components for fluid manipulation in microfluidic devices: The pressure-driven 
and electrokinetic-driven valves (a), the mechanical-driven valves or switches (b), and the 
gradient generator for fluid mixing (c) (Adapted from Sia and Whitesides 2003).  
King and co-workers (2004) fabricated microfluidic devices made entirely of 
biodegradable poly(DL-lactic-co-glycolide) (PLGA). The fabrication technique that they used 
was based on the thermoplastic property of PLGA, which the PLGA was melt under pressure on 
PDMS mold and cooled down before peeling off the PDMS mold. The PLGA containing 
micropattern was then bonded onto a flat PLGA slap by thermal fusion. They found that this 
process resulted in high fidelity pattern transferring of complex design as shown in Figure 2.16. 
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This PLGA microfluidic device was tested for the fluid flow under pressure and the result 
showed no leakage, occlusion or channel-to channel cross-talk (King et al 2004). 
Cabodi and co-workers (2005) fabricated the microfluidic device made of calcium 
alginate hydrogel. They demonstrated that the device was able to permeate small and large 
molecules such as fluorescein and dextran, potential application for pre-seeding of cells in the 
bulk gel in tissue engineering. 
 
Figure 2.16 The SEM images of transferred pattern on PLGA surface (a) (scale bar: 500 μm), the 
cross-section of the transferred pattern on PLGA surface (b) (scale bar: 2 μm), the cross-section 
area of bonded PLGA microfluidic devices (c) (scale bar: 50 μm) and (d) (scale bar: 2 μm) 
(Adapted from King et al 2004). 
Paguirigan and Beebe (2006) reported on a gelatin microfluidic device. The gelatin 
crosslinked with transglutaminase was molded against PDMS mold to form a film containing a 
channel with dimension of 1,000 µm wide, 20 mm long and 250 µm depths. Then the device was 
formed by sealing the gelatin microfluidic film to a PDMS thin film (Figure 2.17a). The gelatin 
microfluidic device was used for cell culture, thus the autofluorescence of the material used for 
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microfluidic device would interfere the cellular analysis when fluorescent dye involved. The 
researchers found that cross-linked gelatin base material had autofluorescence lower without 
interference to the fluorescent dye at the commonly used wavelength. The gelatin microfluidic 
device was used as a platform for murine mammary epithelial cell culture. The cells remained 
intact after 5 hours of cell seeding to gelatin microfluidic device and after 24 hours of incubation, 
cells developed into three dimension structures adhered on gelatin device (Figure 2.17c) instead 
of flat elongated shapes that usually observed on plastic dish (Figure 2.17b). This study 
suggested that gelatin microfluidic device could simulate extracellular matrix in which provided 
special environment for cell culturing (Paguirigan and Beebe 2006).  
 
Figure 2.17 The gelatin microfluidic device with the PDMS film on top (a). The microscopic 
images of murine mammary epithelial cell proliferation after 24 hours of cell seeding on plastic 
dish (b) and on gelatin microfluidic device (c) (Adapted from Paguirigan and Beebe 2006). 
Silk fibroin protein extracted from silkworm was replica molded having 100 µm width 
channel assembled into microfluidic device. Then the human hepatocarcinoma cells were seeded 
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in the silk microfluidic device. The cell morphology growing on the silk device was similar to 
that of the cells growing on other biomaterials (Bettinger et al 2007). 
In summary, the use of biomaterials as substrates for microfluidic devices becomes 
increasingly attractive due to their biocompatibility, biodegradability, ease of fabrication at mild 
condition and sustainability. The fabrication technique that has been extensively used for the 
fabrication of microfluidic devices from biomaterials is soft lithography. The microfluidic 
devices made of biomaterials are relatively new that their applications would be, but not limited 
to, biomedical area such as tissue engineering.  
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CHAPTER 3 
FABRICATION AND CHARACTERIZATION OF ZEIN NANOCLAY 
NANOCOMPOSITE FILMS
1
 
3.1 Abstract 
 The objectives of this study were to apply fabrication techniques for the zein nanoclay 
nanocomposite films and characterize the obtained nanocomposite films. Zein nanoclay 
nanocomposite films were successfully produced from solvent casting and extrusion blowing 
methods. The two methods could mix the zein MMT resulting in partially exfoliated 
nanocomposite structures according to X-ray diffraction and Transmission Electron Microscopy. 
The thermal resistant of the zein nanocomposite films fabricated from both methods improved as 
the nanoclay content increased. However, the mechanical and barrier properties showed non-
linear relationships with the MMT loadings. The impact of MMT on properties of zein films 
strongly depended on the preparation techniques. The impact of nanoclay concentration was 
more pronounced in the films made by extrusion blowing technique then by the solvent casting 
technique. 
 
 
 
 
 
 
 
1
 Reprinted with permission, from J. Luecha, N. Sozer and J.L. Kokini, “Synthesis and 
properties of corn zein/montmorillonite nanocomposite films” Journal of Material Science, 45, 
(13), 3529-3537 (2010). 
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3.2 Introduction  
Synthetic petroleum based polymers have been used extensively especially in food 
packaging applications. However, they become a major source of solid waste due to their lack of 
degradability. The development of biodegradable polymers is a promising solution which has 
been growing interest during the past decades by the industry. Several biodegradable polymers 
have been studied including synthetic derived and natural renewable derived polymers (Yang et 
al 2007; Rhim and Ng 2007). Proteins are known as heterogeneous polymers. Their 
functionalities mainly depend upon their amino acids components (Hernandez-Izquierdo and 
Krochta 2008; Cuq et al 1998). In general, the protein film formation involves partial 
denaturation of polypeptide chain by chemical and/or physical treatment which is followed by 
arrangement and orientation of the peptide chains and the formation of new bonds of partial 
denatured peptide chains. This results in the formation of protein matrix (Rhim and Ng, 2007; 
Hernandez-Izquierdo and Krochta 2008). Several plant and animal proteins have been studied for 
their film formation properties including wheat gluten, sorghum kafirin, peanut, corn zein, 
collagen, gelatin, fish myofribillar protein keratin, egg white, casein and whey protein (Yang et 
al 2007; Rhim and Ng 2007;  Hernandez-Izquierdo and Krochta 2008; Cuq et al 1998). 
Zein, a major protein from corn, is obtained commercially from corn gluten meal (CGM) 
(Shukla and Cheryan 2001). Zein has been proposed as a potential biodegradable packaging 
material among other cereal proteins. Zein films can be formed by different processes including 
solution casting and thermoplastic processing. The solution casting involves dissolving zein in 
aqueous ethanol solution, casting or continuous spreading the solution to a non-sticky surface, 
and removing the solvent to obtain thin films (Lai and Padua 1998). Zein films can also be 
formed by precipitating zein solution in cold water and forming films by extrusion blowing 
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(Wang and Padua 2003). Zein stand alone films are found to be very brittle hence the plasticizers 
as oleic acid, palmitic acid, linoleic acid, glycerol, and polyethylene glycol are usually added to 
improve its elasticity (Lai and Padua 1997; Lai et al 1997). Use of plasticizers, chemical cross 
linking, and laminating with other protein films are some of the methods which have been used 
to improve zein film properties (Lai and Padua 1997;  Kim et al 2004; Ghanbarzadeh and 
Oromiehi 2008).  
However, production of zein films which is mechanically and physically close to 
synthetic films still remains as a challenging procedure. Therefore, it is necessary to find a new 
strategy to improve zein film properties to increase its use as food packaging material.  Recently, 
polymer layered silicate nanocomposites (PLSN) technique has become attractive to many 
researchers which can improve mechanical, physical, thermal, and barrier properties of various 
types of polymer (Wang et al 2005b; Huang and Netravali 2006; Hedenqvist et al 2006; Tunc et 
al 2007). 
PLSN technique has been used to enhance mechanical and barrier properties of synthetic 
polymers (Alexandre and Dubois, 2000; Ray and Bousmina, 2005; Hussain et al 2006). The most 
common used nanoclays are montmorillonite (MMT), hectorite, and saponite. Natural nanoclay 
is hydrophilic, in order to use nanoclay with hydrophobic polymer, an organically-modification 
is applied. It is believed that by including small amount (<5%wt) of nanoclay could result in an 
increase in tensile strength and thermal stability and slower gas diffusion in the treated polymer 
(Hussain et al 2006). The degree of improvement depends on the polymer-nanocomposite 
structure and the distribution of MMT platelets in polymer matrix (Hussain et al 2006). For 
instant, the decrease in water vapor permeability of polymer nanoclay nanocomposite films is 
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mainly attributed to the tortuous path. Water vapor diffusion due to the impermeable nanoclay 
layers distributed in the polymer matrix consequently increases the effective diffusion path 
length (Rhim et al 2009). In terms of thermal properties, nanoclay was believed to act as 
insulators and mass transport barrier to the volatile compounds generated during the polymer 
decomposition process (Cho and Paul, 2001). PLSN technique has been recently applied to some 
protein-based polymers including soy protein isolate (Huang and Netravali, 2006; Chen and 
Zhang, 2006), wheat gluten (Tunc et al 2007), whey protein (Wang et al 2005b) and gelatin 
(Zheng et al 2002; Martucci et al 2007). 
There are a great number of ways to form PSLN including in situ polymerization, 
solution, and melt processing (Alexandre and Dubois 2000; Ray and Bousmina, 2005; Hussain et 
al 2006). The melt processing has become very attractive as it could completely exfoliate 
nanoclays (Paul and Robeson 2008). This process involves heating the polymer and nanoclays 
above the glass transition temperature of the polymer with or without the aid of shearing force. 
The PSLN formation strongly depends on the thermodynamic interaction between the polymer 
segments and the nanoclay surface (Vaia et al 1996).  Therefore, it is still a challenge to create 
suitable methodology for fabricating polymer-nanoclay hybrid which could result in great 
properties improvement. 
 To the best of our knowledge, there is no study in the literature on the fabrication of zein 
nanoclay nanocomposite films. Therefore, the objectives of this study were to prepare zein 
nanoclay nanocomposite films and characterize the structure and properties of the obtained films.  
Modified MMT was the nanoclay that used in this study and the term MMT will be used in the 
rest of this paper. There were two methods that were developed for fabricating zein MMT 
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nanocomposite films; the solvent casting and extrusion blowing. The solvent casting was a basic 
film preparation technique. On the other hand, the extrusion blowing involved precipitating zein 
protein from solution into zein resin (above glass transition temperature of zein) and blowing 
into zein balloon, which resembled the melt intercalation method. This technique has been 
designed to avoid zein decomposition from high temperature (Wang and Padua 2003). After that, 
the structure and properties of the zein MMT nanocomposite films were investigated.  
3.3 Materials and Methods 
3.3.1 Materials  
Zein powder (90% crude protein dry weight basis) was purchased from Sigma Aldrich 
(Milwaukee, WI, USA). The Montmorillonite (MMT) clay used in this study was Nanomer ® 
I.34 TCN, which is surface-modified MMT containing 25-30 wt. % methyl dihydroxy ethyl 
hydrogenated tallow ammonium. The Nanomer ® I.34 TCN was supplied from Sigma Aldrich 
(Milwaukee, WI, USA). Polyethylene Glycol 600 (PEG) was purchased from Alfa Aesar (Ward 
Hill, MA, USA) and Glycerol (GLY) was purchased from Fisher Scientific Inc. USA. Ethanol 
(95%) was purchased from Decon Laboratories Inc. (King of Prussia, PA). Magnesium nitrate, 
anhydrous phosphorous pentoxide, and oleic acid were obtained from Sigma Aldrich 
(Milwaukee, WI, USA). 
3.3.2 Zein/MMT nanocomposite films preparation techniques 
Two different preparation techniques, solvent casting and extrusion blowing, were used 
for fabricating zein MMT nanocomposite films. The plasticizers used in each preparation 
methods were different regarding the compatibility of the plasticizers to each method. 
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Polyethylene glycol and glycerol were used in solvent casting method, whereas oleic acid was 
used in extrusion blowing method. 
In solvent casting method, zein MMT nanocomposite films were prepared with 0, 1, 3, 5 
and 10 wt % modified MMT (noted SC-0 to SC-10). In this process, 8 g of zein, 0.12 g of PEG 
and 0.12 g of GLY were dissolved in 40 ml of warm (45-50 
o
C) 75% aqueous ethanol solution. 
The certain amount of MMT was dissolved separately in 12 ml of 75% ethanol solution and 
sonicated for 5 minutes. The two mixtures were then mixed together and heated until 60
o
C. The 
ratio of zein to ethanol solution was 1:6.5 (w/v). The zein MMT mixture was then sonicated for 2 
minutes before casting. The ready solution was poured onto a Petri dish and left dried for 24 
hours at room temperature.  
The extrusion blown films were prepared with 0, 1, 3 and 5 wt % modified MMT (noted 
as EB-0 to EB-5). The extrusion blowing technique, as shown in Figure 3.1, was adapted from 
Wang and Padua (2003). It is composed of two major steps: i) resin formation (step 1-3 in Figure 
3.1) and ii) film formation (step 4-5 in Figure 3.1). The resin was formed by first dissolving 100 
g of zein, 30 g of oleic acid and certain amount of MMT in 650 ml of ethanol solution. The 
mixture was stirred for 10 minutes after they reached 60-65
o
C. Then, the solution was poured 
into an ice water bath for precipitation. The precipitate zein was collected and then formed into 
dough-like resin. The resin was hand kneaded until it was not sticky. To get rid of the excess 
water, the resin was passed four times through a single screw extruder (Model EPL-V501, C.W. 
Brabender, Hackensack, NJ). No heat was applied during the extrusion process. Zein resin was 
extruded to a balloon by the help of a blowing head. However, the sample with 5% MMT could 
not form into a balloon since the high amount of MMT has reduced the elasticity of the resin 
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which could not facilitate balloon formation. The small piece was obtained from this sample 
which was enough just for a structure characterization. Uniform sampling from each type of 
films was done by measuring thickness with digital calipers. The thicknesses of the films were 
0.04-0.08 mm for both cast film and blown films.  
 
Figure 3.1 The steps of the extrusion blowing technique including 1) zein MMT solution, 2) 
precipitation, 3) resin formation, 4) cold extrusion, and 5) balloon formation. 
3.3.3 Characterization 
 X ray diffraction (XRD) patterns were carried out by Rigaku D/Max diffractometer using 
Cu Kα radiation (λ=1.5418 Å) at a generator voltage of 45 kV and a generator current of 20mA. 
The samples were scanned in the range of diffraction angle of 2θ=2-10° at a rate of 0.48 °/ min.  
Transmission Electron Microscope (TEM) was used to investigate the nanocomposite 
structure of the film samples. The film samples were fixed with a series of fixative agents 
including Karnovsky’s fixative, osmium tetroxide, potassium ferricyanide, and uranyl acetate, 
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then dehydrated in an ethanol gradient, and embedded in epoxy resins. The ultra thin sections 
were cut with an ultramicrotome diamond and mounted on holey carbon grids. The samples were 
characterized by Phillip CM12 TEM (Mahwah, NJ) at 120 KV. 
3.3.4 Measurements 
Thermogravimetric Analysis was used to monitor the effect of MMT content on thermal 
properties of zein MMT nanocomposite films. The TGA was performed on Q50 TGA (TA 
instruments, Delaware, USA) in nitrogen atmosphere. The samples were heated from room 
temperature to 500
 o
C at a heating rate of 10 
o
C/ min.  
The tensile strength (TS) and percentage of elongation at break (%E) of films were 
determined using TA.HD Texture Analyzer (Stable Micro Systems, Surrey, UK) with a 30 g load 
cell. The films were cut into 2 cm by 7 cm strips and the samples were conditioned for 48 h at 
52% relative humidity at 25°C before analysis. The cross head speed was 1 mm/min.  
The water vapor permeability was measured using modified ASTM method. The film 
samples with 0.06 ± 0.018 mm thick were conditioned at 52% relative humidity (RH) and 25 
o
C 
for 48 hours before testing. Each specimen was sealed by vacuum grease and 4 screws on 
Plexiglas cups containing 8 ml of distilled water each. The cups were 50 mm (inner diameter), 80 
mm (outer diameter) and 10 mm (depth) with an exposed film area of 1964 mm
2
. The cups were 
placed in desiccators containing a desiccant (phosphorus pentoxide), thus creating the RH 
gradient of 100%. The sample cups were weighed using four-digit balance every hour over 8-
hour period until the steady state of vapor flow was reached. The weight loss of sample cups was 
plotted over time. At least three samples of each film were tested and the test temperature was 
25±2 
o
C. The water vapor transmission rate (WVTR) was obtained from:   
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where slope is the slope of the linear regression of weight lost versus time (g/d) and area is an 
open mouth area of the cup (m
2
). 
 The water vapor permeability (WVP) was calculated from the following equation:  
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where ΔP is the difference water vapor partial pressure across the test cups (kPa) and d is the 
film thickness (mm). The effects of nanoclay content on mechanical and barrier properties were 
statistically compared within each preparation technique using one way analysis of varience 
(ANOVA) at 95% confidence. 
3.4 Results and Discussion 
3.4.1 Characterization of zein MMT nanocomposite films 
 The zein MMT nanocomposite films prepared by both solvent casting and extrusion 
blowing methods are displayed in Figure 3.2 and Figure 3.3. The film samples obtained from 
both methods are glossy yellowish and translucent. It is clearly seen that MMT content do not 
affect the translucency of the films prepared from both techniques. Similar observation was 
found by Chang and co-workers (2003), that the inclusion of MMT and synthetic mica (at 4-6 
wt%) did not influence the translucency of the polylactic nanocomposite films as the disperse 
phase of MMT and synthetic mica had an average size smaller than the wavelengths of light 
(Chang et al 2003). 
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Figure 3.2 Photographic pictures of zein MMT nanocomposite films prepared from solvent 
casting method (SC = solvent casting method, number = MMT content (wt.%)). 
 
Figure 3.3 Photographic pictures of zein MMT nanocomposite films prepared from extrusion 
blowing method (EB = extrusion blowing method, number = MMT content (wt.%)). 
The X-ray diffraction (XRD) pattern of common zein film shows a broad peak at about 
10 and 20 degree 2Ө (Figure 3.4) which were at the angles that were greater than the angle 
representing the MMT characteristic peak. It was reported that there was no difference in the 
XRD pattern of cast zein films and of extruded zein films (Wang et al, 2005c).  
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The XRD patterns of solvent cast and blown extruded zein MMT nanocomposite films 
are shown in Figure 3.5 and Figure 3.6, respectively. The interlayer spacing was calculated from 
the diffraction peak using Bragg’s equation  It can be seen that the Nanomer® 
I.34TCN MMT had diffraction peak at 4.8 degree 2Ө with the interlayer spacing of 18.27 Ǻ 
(peak f of Figure 3.5 and peak d of Figure 3.6) which was in agreement with the literature (19 Å) 
(Feng et al 2002). It is also found that the MMT peaks were absence in the XRD patterns of the 
hybrid films prepared from both techniques regardless of MMT content. The vanishing of MMT 
peaks can be a result of the lost of interlayer association which means that the MMT layers 
become apart or the MMT interlayer becomes larger than the the XRD detection limit (Rao 
2007). Moreover, there are some other factors which can also cause MMT peaks to vanish in 
XRD pattern including loss in periodicity of MMT (Nawani, 2008).  Therefore, the XRD result 
alone could only imply the possibility of some degree of exfoliated nanocomposite structure 
presented in zein MMT hybrid cast and extruded films. 
 
Figure 3.4 The X-ray diffraction pattern of cast zein films. 
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Figure 3.5 Overlay of XRD patterns of various MMT contents of zein nanocomposite films 
prepared by solvent casting method. 
 
Figure 3.6 Overlay of XRD patterns of various MMT contents of zein nanocomposite films 
prepared by extrusion blowing method. 
59 
 
Along with the XRD results, the dispersion of MMT platelets in zein nanocomposite 
films prepared from solvent casting and extrusion blowing were also visually investigated using 
TEM (Figure 3.7 (a) and (b)). The TEM imges of zein hybrid films prepared from both 
techniques show dark streaks of MMT platelets dispersed in zein matrix (light background).  It is 
clearly seen that the single platelets were observed together with multilayered nanostructure 
within the zein matrix. This indicated some degree of MMT exfoliation and intercalation in zein 
matrix regardless of the preparation technique used. 
 
 
Figure 3.7 TEM images of a) solvent cast zein MMT nanocomposite films with 5%wt of MMT, 
and b) extrusion blown zein MMT nanocomposite films with 5%wt of MMT. 
The combination of XRD and TEM results suggested that the zein MMT nanocomposite 
film prepared from solvent casting and extrusion blowing techniques could lead to the formation 
of partially exfoliated nanocomposite structure. 
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3.4.2 Measurements of zein MMT nanocomposite film properties 
3.4.2.1 Thermal stability 
 The thermal gravimetric analysis (TGA) was used to investigate the thermal stability of 
zein MMT nanocomposite films by measuring loss of mass which is caused by the volatile 
compound formation after thermal degradation as a function of temperature. The TGA curves as 
shown in Figure 3.8 and Figure 3.9, in general, exhibit two stages of thermal degradation under 
inert condition. The first stage corresponded to the loss of low molecular mass compounds i.e. 
plasticizers and solvent from 70-200 
o
C. The second stage (250-300 
o
C) was associated with the 
protein degradation.  
 
Figure 3.8 Effect of MMT contents on TGA curve of zein MMT nanocomposite films prepared 
by solvent casting method. 
61 
 
It is believed that the temperature at which the polymer starts to degrade is the most 
important criteria to evaluate the thermal stability of polymer (Zheng et al 2002). In this case, the 
temperature at which the weight loss of 20% occurred was focused (see Appendix A). The 
temperature at 20% weight loss of zein MMT nanocomposite films prepared from solvent 
casting (Figure 3.8) increased as the MMT content increased. The SC-10 lost its 20% weight at 
about 10 
o
C greater than SC-0 did. Also the samples containing MMT had higher amount of the 
residual at 400 
o
C. The similar trend also found in samples prepared from Extrusion blowing 
method (Figure 3.9). The inclusion of only 5 wt.% MMT could delay about 10 
o
C compared to 
control sample at 20% weight loss and the residual at 400 
o
C increased about 5 %. 
 
Figure 3.9 Effect of MMT contents on TGA curve of zein MMT nanocomposite films prepared 
by extrusion blowing method. 
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The delay in the mass loss in nanocomposite was also in accordance with the literatures 
including gelatin/MMT nanocomposite films (Martucci et al 2007), wheat gluten/MMT 
nanocomposites (Tunc et al 2007), and polylactic acid MMT nanocomposites (Paul et al 2003). 
The improvement of thermal stability in polymer nanocomposite is caused by the increase in 
combustion gas diffusion pathway created from the dispersed MMT layers which act as 
insulators  (Alexandre and Dubois 2000).  
It was shown that the zein MMT films prepared by extrusion blowing were more 
sensitive to MMT loadings than the samples prepared by solvent casting. This could indicate that 
the MMT platelets were well-distributed within zein polymer by extrusion blowing method. So 
the nanoclay platelets provided thermal barrier throughout the zein matrix and eventually 
delayed the thermal degradation of zein films. This could suggest that the MMT content 
influenced the thermal stability of zein films. Moreover, the extrusion blowing technique could 
provide highly dispersed and distributed MMT layers within zein polymer matrix which led to 
greatly thermal stability improvement.  
3.4.2.2 Mechanical properties 
The mechanical properties of zein MMT films prepared from solvent casting and 
extrusion blowing was shown in Figure 3.10 and 3.11, the absolute values of the mechanical 
properties were shown in Table 3.1 and 3.2, respectively. The general trend for both film 
production techniques was similar. As MMT increased, there was an increased in the elastic 
modulus. The tensile strength and Young’s modulus improved the most in SC-5 (2.5 times 
greater than SC-0) then leveled off in SC-10. The similar observation was found in wheat gluten 
nanocomposite films (Tunc et al 2007) and gelatin nanocomposite films (Feng et al 2002) that 
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there was a critical amount of nanoclay in which if excess could resulte in negative effect. This 
indicated the solvent casting technique has a critical MMT percentage at 5 wt.% where the 
dispersion of MMT was good enough to provide reinforcement. As expected, the elongation at 
break of zein MMT nanocomposite films was significantly lower in comparison to the elongation 
at break of the control sample suggesting MMT suppressed the extensibility of the 
nanocomposite films. 
The zein MMT nanocomposite films prepared by solvent casting were quite brittle as 
compared to blow extrusion films. The brittleness of the cast films has been attributed to its glass 
transition temperature which is close to material temperature (room temperature in this case) 
(Slade and Levine 1991). In order to obtain more ductile films, the higher level of plasticizers 
should be applied to the formula (Gontard et al 1993). The effect of MMT content on mechanical 
properties of zein MMT nanocomposite films prepared by solvent casting was expressed in the 
relative values to the control film (SC-0) as shown in Figure 3.9. The zein MMT nanocomposite 
films (SC1-SC10) had greater Young’s modulus and tensile strength than SC-0. It is obvious that 
it was not a linear relationship between the test values and MMT concentrations.  
The zein MMT nanocomposite films prepared from extrusion blowing, on the other hand, 
were not as brittle as the samples prepared by solvent casting. The relative mechanical properties 
extrusion blowing nanocomposite films were slightly greater than of unfilled sample (Figure 
3.11). Unlike solvent casting nanocomposite films, the extrusion blowing nanocomposite films 
had higher elongation at break than the control films, especially at 1 wt.% MMT loading (~3 
times). The extrusion process caused entanglement of zein molecules (Lau 2007) which could 
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result in zein network formation that corresponded to the better elongation than in samples 
prepared from solvent casting method.  
It is important to point out that EB films had better mechanical and barrier properties than 
SC films which is consistent with the work from Padua group (Lai and Padua 1997; Wang and 
Padua 2003). This is due to the zein molecular arrangement occurring during extrusion resulting 
in strong network formation. However the EB films were not thermal stable as SE films which 
might be that the film had been subjected to intensive shearing force in EB process. However, 
more studies are needed. 
 
Figure 3.10 Effect of MMT contents on the relative mechanical properties of zein MMT 
nanocomposite films prepared by solvent casting method. 
65 
 
 
Figure 3.11 Effect of MMT contents on the relative mechanical properties of zein MMT 
nanocomposite films prepared by extrusion blowing method. 
Table 3.1 Mechanical properties of zein MMT nanocomposite films prepared from solvent 
casting. 
Sample Tensile Strength (M Pa) % elongation at break 
Young's Modulus 
 (M Pa/%) 
SC-0 2.84 ± 0.42 
c
 1.04 ± 0.33 
a
 1.10 ± 0.50 
c
 
SC-1 3.46 ± 0.20 
bc
 0.48 ± 0.32 
b
 1.18 ± 0.37
 c
 
SC-3 4.10 ± 0.56 
b
 0.44 ± 0.26 
b
 1.97 ± 0.24 
bc
 
SC-5 6.45 ± 1.01 
a
 0.32 ± 0.17 
b
 4.56 ± 1.59 
a
 
SC-10 4.08 ± 0.22 
b
 0.16 ± 0.01 
b
 3.36 ± 0.20 
ab
 
*Means in the same column followed by the same letter are not significantly different (P>0.05). 
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Table 3.2 Mechanical properties of zein MMT nanocomposite films prepared from blown 
extrusion. 
Sample Tensile Strength (M Pa) % elongation at break 
Young's Modulus 
 (M Pa/%) 
BE-0 13.42 ± 2.47 
a
 1.09 ± 0.48 
a
 3.95 ± 1.30 
a
 
BE-1 15.07 ± 6.36 
a
 3.05 ± 1.99 
a
 6.34 ± 2.17 
a
 
BE-3 12.86 ± 2.69 
a
 1.84 ± 1.70 
a
 6.38 ± 1.91 
a
 
*Means in the same column followed by the same letter are not significantly different (P>0.05). 
3.4.2.3 Water Vapor Permeability 
 The WVP of zein MMT nanocomposite films prepared by solvent casting and extrusion 
blowing is showed in Table 3.1. The WVP decreased the most at SC-3 sample whicl it increased 
dramatically in SC-10. In contrast, the extrusion blowing samples showed that the WVP of filled 
sample were slightly lower than the unfilled one but the difference was not significant. The EB-1 
showed the lowest WVP. It is obvious that the improvement in barrier properties has a non-linear 
relationship with the MMT contents in samples prepared from both solvent casting and extrusion 
blowing methods. 
Table 3.3. Water vapor permeability of zein MMT nanocomposite films. 
Sample WVP(g mm d
-1
 m
-2
 kPa
-1
) 
Sample WVP(g mm d
-1
 m
-2
 kPa
-1
) 
SC-0 11.58 ± 1.59 
b
 
BE-0 8.15 ± 2.2 
a
 
SC-1 7.17 ± 0.82 
cd
 
BE-1 4.77 ± 1.33 
a
 
SC-3 4.56 ± 1.02 
d
 
BE-3 6.27 ± 0.26 
a
 
SC-5 10.20 ± 1.56 
bc
 
SC-10 14.80 ± 0.86 
a
 
*Means in the same column followed by the same letter are not significantly different (P>0.05). 
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The improvement of water vapor barrier property of zein MMT nanocomposite films is 
due to the impermeable MMT layers distributed in the polymer matrix consequently increases 
the effective diffusion path length (Rhim et al 2009). The level of improvement depends not only 
on the nanocomposite structure (intercalated, exfoliated or some intermediate) but also greatly 
depends upon the relative orientation of the sheets in the matrix. The MMT layers orientation 
which can result in highest tortuosity occurs when the MMT layers arrange perpendicular to the 
direction of diffusion. Any kind of deviation from those arrangements could result in inferior in 
barrier properties (Bharadwaj 2001). It could be that the solvent casting and extrusion blowing 
techniques were able to exfoliate the MMT layers, but could not orient the layers alignment in 
the way that could have great impact on the barrier properties of the nanocomposite films. 
3.5 Conclusions 
The solvent casting and extrusion blowing techniques have been applied to fabricate zein 
MMT nanocomposite films. The effects of MMT contents on their properties were also 
investigated. Solvent casting method was able to partially exfoliate MMT as monitoring by XRD 
and TEM. The thermal stability of cast zein MMT films improved as MMT content increased. 
However, the improvement of mechanical and barrier properties of the films were not in linearly 
relationship with MMT content. The critical MMT content which could result in tensile strength 
improvement was at 5 wt.%, while it was at 3 wt.% for water vapor permeability. The extrusion 
blowing technique could fabricate thin zein MMT nanocomposite films, but the limitation of this 
technique was that it could apply at low amount of MMT (1-3 wt.%). This technique could also 
result in partially exfoliated nanocomposite structure. The thermal resistant of the films increased 
dramatically with the MMT content. Like solvent casting, the effects of MMT loadings on the 
mechanical and barrier properties of the films were non-linear relationships.  
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It is recommended that the selection of the preparation technique to prepare zein MMT 
nanocomposite films should base on the desire final properties of the nanocomposite films. The 
extrusion blowing technique is good for preparing zein MMT nanocomposite films with thermal 
resistant improvement. On the other hand, the solvent casting technique can be used for 
preparing zein MMT nanocomposite films with improved tensile strength. These novel 
approaches should provide a better understanding of the mixing processes that can exfoliate 
some of the MMT platelets in zein protein which result in properties improvement. 
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CHAPTER 4 
THE VISCOELASTIC PROPERTIES OF NANOCLAYS FILLED ZEIN 
NANOCOMPOSITE MOLDABLE RESINS
1 
 
4.1 Abstract 
The nanoclays have been introduced into zein films in order to enhance their physical 
properties for biodegradable packaging applications. The hybrid of zein and nanoclays has been 
prepared into intermediate moldable resins and further blown into thin films. The aim of this 
study was to investigate the linear and nonlinear viscoelastic properties of the zein resins and the 
effect of the nanoclay content on the rheological properties. The Wagner constitutive model was 
used to predict steady shear properties using the experimental linear stress relaxation data and a 
damping function was obtained from the strain dependence of moduli in the nonlinear region. A 
pristine zein resin exhibited soft solid like behavior. On the opposite, the zein hybrid with 
nanosilicate content greater than 5 wt.% showed more liquid like behavior, suggesting that the 
nanoclays interrupt the entangled zein network. There was good correspondence between the 
experimental data and the predictions of the Wagner model for the pristine zein resins. However, 
the model failed to predict the steady shear properties of the zein nanosilicate nanocomposite 
resins. 
 
 
 
1
This work has been submitted to Journal of Rheology in February 2012. 
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4.2 Introduction 
 Petroleum-based packaging materials are not environmentally friendly, do not biodegrade 
and contribute to massive landfills and land pollution. Zein, a prolamine protein in corn is a 
promising biodegradable material from agricultural origin that has been shown to be useful in 
many edible and non-edible film applications. Zein has been extensively studied for its ability to 
form films with potential applications in coating and packaging industries (Weller et al 1998; 
Lawton 2002; Shukla and Cheryan 2001; Kim et al 2004). Zein is a thermoplastic polymer and 
films or sheets can be formed using several conventional processes including solvent casting 
(Weller et al 1998; Hernandez-Izquierdo and Krochta 2008), melt processing (Sessa et al 2011) 
and extrusion film blowing (Lai and Padua 1997; Oliviero et al 2010). Zein films are 
hydrophobic and have good mechanical and barrier properties in comparison to other hydrophilic 
protein-based films (Krochta and De Mulder-Johnston 1997).  
 In a chapter 3 (Luecha et al 2010), we introduced a well-known polymer nanoclay 
nanocomposite into zein films to further improve their mechanical and barrier properties. We 
found that zein nanoclay nanocomposite films obtained using extrusion blowing had better 
properties than films obtained solvent casting. The extrusion blowing method involved 
plasticization of zein with oleic acid together with addition of layered nanoclays and 
precipitation of the mixture in cold water to form intermediate moldable zein resins. This resin 
was film blown using an extruder with a blowing head. The zein resin formation method was 
shown to sufficiently disperse nanoclays in zein matrix characterizing by transmission electron 
microscopy (TEM) and X-ray diffraction. Above the critical concentration of (5 wt.%), nanoclay 
content the nanocomposite zein resin failed to form a balloon. Therefore, we want to study the 
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rheological properties of these nanocomposite resins in order to better understand how they form 
films.  
The mechanism of zein resin formation remains unclear. Commercial zein is known to be 
rich in α-zein fraction (Zhu et al 2007) that consists of monomers with molecular weight of 19 to 
25 KDa (Panchapakesan and coworkers (2011). Argos and co-workers (1982) demonstrated that 
zein comprised mainly of α-helical structure (50-60%). Madeka and Kokini (1996) showed that 
water acted as a powerful plasticizer for zein and also constructed a state diagram for zein. They 
found that the transition from rubbery to entangled polymer flow of hydrated zein occurred at 
moisture contents above 30% at room temperature, suggesting an optimal temperature for 
manufacturing zein resins (Madeka and Kokini 1996). Schober and coworkers (2008) suggested 
that the aggregated zein resin acted like gluten as a result of hydrophobic interactions of zein 
monomers. Mejia and coworkers (2007) investigated the secondary structure of zein in the 
viscoelastic zein/starch systems under shear at temperatures greater than the glass transition 
temperature of zein. They suggested that upon mixing at temperatures higher than the glass 
transition temperature, zein underwent secondary structural rearrangement favoring β-sheet 
structures. As a result, a moldable viscoelastic material like wheat flour dough was formed. 
However, they observed that the zein dough relaxed faster than gluten dough due to the 
rearrangement of zein into unordered structures.  
Rheological characterization is a powerful tool to gain understanding of the role of the 
internal microstructure of materials on machineability of polymeric materials. The rheological 
properties of zein/oleic acid resins were reported for the first time by Oom and coworkers (2008) 
The authors found that the glass transition temperature (measured by Dynamic Mechanical 
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Analyzer) of freshly prepared viscoelastic zein resin with moisture content of 44 % was about -3 
o
C. The viscous and elastic moduli almost equally contributed to the viscoelastic properties of 
zein resin at this moisture content. The elastic modulus slowly increased over time as a result of 
cross-linking of zein monomers. Zein resin showed strain hardening behavior as well. Schober 
and coworkers (2010) investigated the effect of defatting on the rheological properties of zein 
doughs. In this study, zein was first defatted using different organic solvents before mixing 
followed by precipitation in water at 40 
o
C to form a zein dough using water as a plasticizer. The 
defatted aggregated zein samples were less extensible in comparison to original samples. The 
storage modulus dramatically decreased with increasing temperature in the entangled polymer 
flow region. Later on as the temperature continuously increased, the storage modulus reached the 
minimum and started to increase which was an indicative of the polymer entering the crosslink 
reaction region. This is consistent with the observations of Madeka and Kokini (1996). The 
researchers found that the defatted sample started to enter the crosslink region at 2 
o
C lower 
compared with the non-defatted sample.  
The melt state viscoelastic properties of polymer nanoclay nanocomposites have been 
extensively studied in several synthetic polymer systems (Ren et al 2000; Ren et al 2003; 
Kotsilkova et al 2002; Cassagnau and Barrès 2010; Austin et al 2006; Zhao et al 2005; Zhu et al 
2005; Devendra and Hatzikiriakos, 2006; Utracki et al 2010). The linear dynamic oscillatory 
moduli of nanoclay polystyrene-polyisoprene block copolymer increased monotonically as the 
level of the nanoclay increased at higher frequency and exhibited frequency independence at 
lower frequency suggesting solid-like behavior. The authors suggested that the randomly 
oriented nanoclay tactoid dispersion in polymer matrix mainly contributed to the pseudo solid-
like behavior at low frequency of the nanocomposites (Ren et al 2000). The impact of nanoclay 
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levels on the linear viscoelastic properties at low frequency of high-density polyethylene 
nanoclay nanocomposites was also observed (Tang et al 2011).The polymer containing nanoclay 
exhibited shear thinning behavior at lower shear rate in comparison to virgin polymer (Devendra 
and Hatzikiriakos 2006; Lee and Youn 2008). 
There are two main objectives in this study. The first objective is to gain understanding of 
linear and nonlinear viscoelastic properties of zein resins and the effect of the concentration of 
nanoclay on viscoelastic properties of nanocomposite resins. The second objective is to evaluate 
the Wagner non-linear constitutive theory in simulation of a wide range of non-linear 
viscoelastic properties of the ZR and the ZNR. The Wagner model was chosen because it 
successfully simulated the viscoelastic properties of gluten dough (Wang and Kokini 1995) and 
several systems (Dhanasekharan et al 1999; Dhanasekharan and Kokini 2000; Dhanasekharan 
and Kokini 2003; Connelly and Kokini 2003). To date no study has attempted to simulate a 
broad range of viscoelastic properties of zein with a non-linear constitutive model. This study 
advances understanding of the non-linear viscoelastic properties of nanocomposite zein doughs 
and simulating them so they ultimately might be used in predicting the performance of zein 
during extrusion.  
4.3 Theory 
 The Wagner constitutive model is able to predict rheological behavior at large strains 
(Wagner and Meissner 1980; Wang and Kokini 1995). The Wagner constitutive equation is 
expressed as in Eq.(4-1).  
')'(),,'( 1211 dttCIIttm t
t
              (4-1) 
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where is m1 a memory function, I1 and I2 are the first and second invariants of the Finger strain 
tensor ( 1
tC ). 
 In the Wagner theory, there are two independent decay mechanisms for network strands 
in the nonlinear region: a) the linear viscoelastic (time-dependent) relaxation or memory function 
and b) rupture or disentanglement by deformation. 
),()'(),,'( 21211 IIhttIIttm  (4-2) 
where )'( tt  is the time-dependent linear memory function usually simulated by the Maxwell 
memory exponential function: 
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where λi are time constants and Gi are discrete relaxation moduli. Then linear stress relaxation 
spectra G(t) is given  as 
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  ),( 21 IIh is the strain-dependent damping function. The damping function approaches 
unity in the linear region and decreases as the strain increases, for nonlinear materials. The final 
form of the Wagner constitutive model is as follows: 
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 The time dependent memory function can be obtained by fitting the stress relaxation data 
with the generalized Maxwell model. The time dependence of stress relaxation modulus can be 
defined by the following equation. 
 
n
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exp()'(                               (4-6) 
where Ge is an equilibrium stress relaxation modulus for solid like materials. Gi and λi are the 
relaxation modulus and relaxation time, respectively.  
 The storage modulus G’ can be obtained by the same discrete relaxation spectrum using 
the generalized Maxwell equation as well. 
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The damping function is usually defined as:   
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h          (4-9) 
where G(t,γ) and G(t,γ0) are  the nonlinear stress and the linear stress relaxation moduli, 
respectively at a constant angular frequency, ω. 
The damping function used in this study was Zapas damping function (1966) in which it 
was recommended for complex system like nanocomposites (Ren and Krishnamoorti 2003). The 
damping function model is shown in Eq.(4-10). 
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For a constant shear rate ( ) and for 0'tt , using integration by part, the steady shear 
viscosity and primary normal stress coefficient are given as follows: 
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where s=t-t’.  
 For this type of damping function Eq. (10), the )(  and 1  have to be calculated 
numerically by substituting Eq.(4-10) in to Eq. (4-11) and (4-13). 
4.4 Materials and Methods 
4.4.1 Zein/nanoclay resins preparation 
 Zein powder (90% crude protein, dry weight basis) and oleic acid were purchased from 
Sigma Aldrich (Milwaukee, WI, USA). The organo-modified Montmorillonite clay used in this 
study was Nanomer ® I.34 TCN was also purchased from Sigma Aldrich (Milwaukee, WI, 
USA). This is a surface-modified Montmorillonite containing 24-30 wt. % methyl dihydroxy 
ethyl and hydrogenated tallow ammonium that act as modifiers to make the the silicate more 
hydrophobic and compatible with zein. The zein resins (ZR) and zein/nanoclay nanocomposite 
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resins (ZNR) were prepared according to Figure 4.1. The resin was formed by dissolving 100 g 
of zein, 30 g of oleic acid and different amounts of nanoclays in warm (60-65
o
C) 650 ml of 75% 
aqueous ethanol solution. The levels of nanoclays in zein nanocomposite resins were 0 (control), 
3, 4, 5, and 9 wt.% with notation as 0MMT, 3MMT, 4MMT, 5MMT and 9MMT respectively. 
These concentrations were the range where the nanocomposite resin affects zein balloon (~5 
wt.%) formation considerably. The mixture was stirred for 10 minutes (Figure 4.1a). Then, the 
solution was poured into an ice water bath for precipitation (Figure 4.1b). The precipitated zein 
resin was collected and then formed into moldable resin. The resin was hand kneaded until it was 
no longer sticky (Figure 4.1c). To confirm the presence of exfoliated layered nanosilicate in zein 
resin, TEM imaging was carried out as shown in Figure 4.1d. The layered nanoclays were well-
dispersed at all concentrations including the most concentrated sample 9MMT with the mix of 
delaminated and intercalated nanocomposite structure. To remove the excess water, the resin was 
passed four times through a single screw extruder (Model EPL-V501, C.W. Brabender, 
Hackensack, NJ) (Figure 4.1e). No heat was applied during the extrusion process. The final 
moisture content of all resin samples was 31.9 0.89 % (wet basis). The samples were kept in a 
plastic bag, stored in a refrigerator. 
Before each rheological measurement, the samples were allowed to equilibrate to room 
temperature. In this study, three batches of each sample were prepared. 
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Figure 4.1 Photographs of the process of zein/nanoclay nanocomposite resin (ZNR) formation: 
mixing zein/layered nanosilicate and oleic acid in ethanol (a), precipitating in iced water bath (b), 
collecting zein moldable resin (c), TEM imaging of unextruded 9MMT (d), and extruding zein 
resin (e).  
4.4.2 Rheometry 
 All rheological measurements were conducted using the advanced rheometric expansion 
system ARES G2 rheometer (TA Instruments, DE, USA). Serrated parallel plates with 25 mm 
diameter and a 2.1-2.3 mm gap were used. The resins were sheeted with roller to ensure no air 
bubbles were present then cut into small discs. A single disc with initial thickness of 
approximately 2.4-3 mm was placed in between the serrated parallel plates at the desired gap, the 
excess sample was trimmed out and the edge was covered with mineral oil to prevent moisture 
loss during the measurement. The samples were allowed to relax for 20-30 minutes. All 
measurements were carried out at 25 
o
C. Steady shear viscosity measurements were performed 
with shear rate in the range of 10
-4
 to 10
-1
s
-1
. Measurements above this range were not possible 
due to slippage of sample underneath the plates making measurements invalid. Strain sweeps 
were conducted at angular frequency of 6.28 rad/s to determine the strain at which the sample is 
in the linear viscoelastic region. Small amplitude oscillatory measurements were performed at 
frequencies between 0.1 to 100 rad/s at the strain level within linear region. Stress relaxation 
measurements were conducted by applying an instantaneous strain to the samples at several 
79 
 
strain levels and varied from 0.03% to 200%. The stress was allowed to relax for 150 seconds. 
Average values from 3 replicates of all measurements are shown in the following section.  
4.4.3 Determination of empirical constants of the Wagner model 
The linear relaxation spectrum was used to obtained the parameters in generalized 
Maxwell model Eq. (4-6) using the discrete relaxation spectrum model provided by TRIOS 
software (TA Instruments, DE, USA). The damping function Eq.(4-10) was obtained by curve 
fitting the ratio of the nonlinear relaxation modulus to the linear relaxation modulus using 
SigmaPlot12 (Systat Software Inc., USA). The linear memory function and damping function 
were substituted in the Wagner model Eq.(4-5) to obtain material functions. Wolfram 
Mathematica 8 program (Wolfram Research Inc., USA) was used for numerical simulation of 
steady shear viscosity (η) and the first normal stress coefficient (ψ1). The steady shear viscosity 
and steady normal stress coefficient can be described according to Eq.(4-11) and (4-13), 
respectively. 
4.5 Results and Discussion 
4.5.1 Steady shear viscosity measurements 
 The steady shear measurements at different concentrations of nanoclays or nanoclay data 
are shown in Figure 4.2. It can be seen that the ZR and ZNR samples show a zero shear viscosity 
(η0) at shear rates below 10
-3 
and 10
-4
 s
-1
, respectively. This might suggest that the longest 
relaxation time of ZR is 10
3
 s. The gluten dough was reported to have the longest relaxation time 
of about 10
5
 s (Wang and Kokini 1995). This is consistent with the lower molecular weight of 
zein when compared with wheat gluten. The time to disentangle and relax is much shorter in a 
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lower molecular weight polymer. Our findings are also consistent with the finding that zein 
protein relaxes faster than gluten protein in protein-starch system (Mejia et al 2007).  
The ZNR samples relaxed slightly slower than ZR. Moreover, they have slightly lower 
viscosity than the ZR (0MMT) sample regardless of the nanoclay content. This indicates that the 
zein resins become more liquid like by incorporating nanoclays into zein matrix. The 
nanosilicates interrupt the zein network making it easier for zein to flow. The 9MMT sample 
does not appear to reach a Newtonian plateau at low shear rate suggesting the transition from an 
entangled polymer to a dispersed phase like a suspension resulting in a yield stress rather than a 
zero shear viscosity. The plot of steady shear against shear stress of 9MMT in Figure 4.3 shows 
that the shear viscosity tends to infinity at shear stress about 10 Pa, which is indicative of yield 
stress. At this concentration (9MMT) the nanosilicates crowds the sample excessively makes the 
extensibility relatively short and explains why we could not inflate the sample to form a film; the 
entangled polymer network is effectively interrupted. This finding creates a contrast with other 
nanocomposite systems in which they found that the shear viscosity increased monotonically 
with increasing nanoclay content (Krishnamoorti et al 1996; Cassagnau and Barrès 2010).  It has 
been reported that the long chain surface modifier on nanoclays have emulsification and 
plasticization effects (Alexandre and Dubois, 2000; Kader et al 2006). As a consequence, the 
ZNR become more fluid than ZR. Similar finding was reported by Sadhu and Bhowmick (2005) 
in acrylonitrile butadiene rubber and by Kader and coworkers (2006) in fluoroelastomer. Kader 
and coworkers (2006) also suggested that the lower shear viscosity of nanocomposites compared 
to the pristine polymer was the result of the breakdown of nanoclay stacking and subsequent 
dispersion and exfoliation during mixing. Even though, we could not obtain the viscosity at a 
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broad range of shear rates, all samples clearly show shear thinning characteristic at shear rates 
above 10
-3
 s
-1
.  
 
Figure 4.2 The steady shear viscosity of ZR (0MMT) and ZNR. 
 
Figure 4.3 The viscosity vs. shear stress of 9MMT sample. 
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The steady normal stress coefficient values are shown in Figure 4.4. The steady normal 
stress coefficient of ZR is higher than of ZNR at all shear rates. This is consistent with the 
observations with the steady shear viscosity and suggests again that the entangled polymer 
network is interrupted as a result of the nanosilicates. 
 
Figure 4.4 The steady normal stress coefficient of ZR (0MMT) and ZNR. 
4.5.2 Strain sweeps 
 The limit of linear viscoelastic region of each sample was determined by strain sweep 
tests with the strain ranging from 0.01% to 100% at 6.28 rad/s as shown in Figure 4.5. For all 
investigated samples the storage moduli remain stable up to about 0.1% strain then decrease as 
the strain level increases. The onset of nonlinear viscoelastic region of ZR starts at smaller strain 
compared to gluten dough for which the onset of nonlinear viscoelastic region was reported to be 
at a strain of 10% (Wang and Kokini 1995). This is also consistent with the fact that in lower 
molecular weight polymers the onset of the non-linear region will occur faster than higher 
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molecular weight polymers. The zein network is weaker than the gluten network studied in this 
laboratory. For complex food samples such as bread dough and molten chocolate the onset of the 
nonlinear viscoelastic region was reported to be at 0.5% and 0.1% (Sofou et al 2008; Mackley et 
al 1994), respectively.  
The nanoclay content showed no significant impact on the starting point of nonlinear 
viscoelastic region in ZNR. The 5MMT shows slightly lower G’ than others at small strains. This 
observation also suggests that the zein network is being interrupted, resulting in a decrease in 
elasticity.  
 
Figure 4.5 Strain dependence of ZR (0MMT) and ZNR. 
4.5.3 Small Amplitude Oscillatory Measurements 
The plots in Figure 4.6 a-d show average values of storage moduli, loss moduli and 
complex viscosity of all samples. For ZR (control) sample (Figure 6 a), the storage moduli (G’) 
are greater than the loss moduli (G”) over entire frequency range. The G’ shows only non-
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terminal solid like plateau region throughout the studied frequency range. This finding is 
consistent with the work of Oom and co-workers (2008). The same behavior was also found in 
bread dough where the elastic modulus was much higher than the loss modulus (Lefebvre 
(2006); Sofou et al (2008); Tanner et al (2008)). This is a typical behavior of viscoelastic soft 
solids. Therefore, zein resin can be considered as a soft solid. The complex viscosity (η*) of ZR 
decreases as frequency increases without a Newtonian plateau at low frequencies.  
The G’, G” and η* of ZR and ZNR at all nanoclay contents are shown in Figure 6 b-c. 
The G’ and G” of all samples increase as the frequency increases indicating entanglement 
stretching in this frequency range. The η* strongly decreases as the frequency increase indicating 
solid like behavior. The G’of all ZNR samples are in the range of magnitude (104-106 Pa) with 
similar shape. However, 5MMT and 9MMT show some deviation of G’ and η* at very low 
frequencies. The dynamic data of 5MMT and 9MMT are similar but for clarity, the dynamic 
moduli of 9MMT are displayed separately in Figure 4.6 d. The G’ of 9MMT at very low 
frequency is more frequency dependent than other samples. The G’ increases at increasing 
frequency then reaches a plateau indicating the beginning of a terminal region.  
The G’ and G” were plotted against the nanosilicate contents in Figure 4.7. At low 
frequency, the G’ and G” of ZR are similar to those of ZNR samples. As the frequency 
increases, the G’ of ZNR samples tends to increase with increasing nanosilicate content (see 
trend lines with 4MMT considered as an outliner). On the other hand, the impact of nanosilicate 
on G” is less pronounced at all frequencies. This suggests that nanosilicate influences mostly the 
solid like behavior of zein resins. 
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Figure 4.6 The linear viscoelastic moduli of ZR (0MMT) (a), overlay of G’, G” of ZR and ZNR 
samples (b), overlay of η* of ZR and ZNR samples (c), the linear viscoelastic moduli of 9wt.% 
(9MMT) (d).  
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Figure 4.7 The plot of G’ and G” moduli versus nanosilicate content at various frequencies (solid 
lines represent trend lines). 
Many studies on melt rheology for other nanocomposite systems reported significant 
shear thinning behavior at smaller strain of nanocomposite samples as a result of the anisotropic 
property of nanoclays (Ren et al 2000; Devendra and Hatzikiriakos 2006; Lee and Youn 2008). 
Moreover, in the linear viscoelastic region, they reported the presence of a plateau in G’ at small 
frequency or in the terminal zone indicative of the transformation from liquid to solid like due to 
the addition of nanosilicate (Ren et al 2000; Devendra and Hatzikiriakos 2006; Lee and Youn 
2008). These two phenomena have been common in polymer nanocomposites. However, we did 
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not observe these two phenomena in our zein system. In our case, the concentration of 
nanosilicate merely affected both the onset of nonlinear viscoelastic region and the G’ in the low 
frequency range. This could be mainly due to the fact that zein resin is a soft solid as mentioned 
earlier. The addition of solid material as nanosilicate within the concentration range used in this 
study shows a small effect on the linear viscoelastic properties as in other polymer 
nanocomposite systems.  
4.5.4. Stress relaxation tests 
Stress relaxation tests were performed at various strain levels from 0.03% to 200%. The 
stress relaxation spectra of ZR and ZNR are displayed in Figure 4.8a-e. The strains at which the 
stress relaxation spectra is overlapping give the linear viscoelastic region. For instance, in 
0MMT (ZR) sample (Figure 4.8a), the relaxation moduli of strains at 0.04% and 0.06% are 
overlapping meaning that at those strains, the 0MMT sample is in the linear viscoelastic region. 
However, we observed that the stress relaxation spectra overlapping at smaller strains in most of 
the ZNR samples. The strains at linear viscoelastic region occur at 0.03% and 0.04% in 4MMT, 
5MMT, and 9MMT samples (Figure 4.8 c-e). This is also an indicative that nanoclays have made 
the zein resin become more strain sensitive. It can be seen for 9MMT (Figure 4.8e) that the 
slopes of stress relaxation spectra in the linear strain region (0.03% and 0.04%) slightly differ 
from the slopes of the spectra at nonlinear strains. The spectra at nonlinear strains show more 
liquid like behavior at long times. 
The linear stress relaxation spectra were then used to obtain the generalized Maxwell 
parameters using the TRIOS software from TA instruments for the linear memory function by 
fitting the data with Eq.(4-6). The generalized Maxwell parameters are listed in Table 4.1, where 
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the fits are shown as straight lines in Figure 8. The Ge increases as the nanoclay content increases 
suggesting that the silicate content adds structure to the zein resin. This is further shown in 
Figure 4.9.  
Table 4.1 The generalized Maxwell elements of ZR and ZNR used in prediction of the linear 
memory function in the Wagner constitutive model.  
%MMT Ge 
Relaxation 
mode 
Relaxation 
time 
%MMT Ge 
Relaxation 
mode 
Relaxation 
time 
0 40854.4 170105 0.33366 4 104815 192612 0.684414 
  
72330.2 1.4648   
 
118365 4.88328 
  
44395.1 5.447   
 
109496 36.5762 
  
37671.1 24.2669 5 300928 174097 0.333664 
3 70795.7 159294 0.333658   
 
113197 1.09165 
    133557 1.14561   
 
128155 5.72463 
    2819.31 9.23889   
 
161517 33.2652 
    130997 9.2409 9 423496 2766.02 0.385615 
    6117.83 9.24159     262413 0.457571 
    99791.4 104.007     274505 7.52712 
            1.00E-30 200 
 
In order to confirm the linear viscoelastic response of the stress relaxation data, G’ was 
calculated from Eq.(4-7) using the obtained Gi and λi. The fitting of calculated G’ are showed in 
Figure 4.10. It can be seen that the generalized Maxwell model slightly under-predicted the G’ of 
0MMT, while resulting in adequate predictions all the other samples.  
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Figure 4.8 The stress relaxation spectra at different strain levels of ZR (0MMT) (a), 3MMT (b), 
4MMT (c), 5MMT (d) and 9MMT (e). The lines represent the linear stress relaxation spectra 
calculated from generalized Maxwell model.  
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Figure 4.9 The plot of equilibrium relaxation moduli as a function of the nanosilicate contents. 
 
Figure 4.10 The experimental and the predicted G’of ZR and ZNR samples. The fittings were 
calculated from generalized Maxwell model (Eq.(4-7)). 
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4.5.5 Damping function  
The stress relaxation modulus at a linear strain level (G(t,γ0)) was then used for 
calculating a damping function (h(γ)) using Eq.(4-9). The plot of 1)(),( htG versus t and 
damping function of selected samples are displayed in Figure 4.11 a-f.  
For ZR (0MMT) sample, the strain at 0.06% was used as linear strain level for 
calculation of damping function. It can be seen in Figure 4.11a that the time-strain separability is 
valid over the range of applied strain with a short delay in the superposition at the beginning for 
the ZR (0MMT) sample. Interestingly, the damping function shows strong shear thinning strain 
dependency at small nonlinear strain levels (0.1% to 10%) (Figure 4.11b). However, the 
dependency of shear thinning on strain level becomes weaker at very high strain level (50% to 
200%). The shape of ZR damping function is similar to the ones corresponding to viscoelastic 
soft solids such as wheat gluten dough (Wang and Kokini 1995) and bread dough (Sofou et al 
(2008) in which the plateau region, where the damping function is equal to unity at a very small 
strain, is very short. The rapid reduction from the linear strain region of relaxation spectra in 
wheat flour dough has also been reported (Phan-Thien et al 2000).  
Figure 4.11c displays the time-strain superposition of 4MMT. The time-strain 
separability is valid throughout the observed time region as shown in Figure 4.11d. The damping 
function of 4MMT also shows strong shear thinning at small strain as observed in case of 0MMT 
(Figure 4.11b). The time-strain separability is approximately applicable for 9MMT (Figure 
4.11e). The damping function of 9MMT reflects extremely strong shear thinning at small strains 
(Figure 4.11f).  
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Figure 4.11 Time-strain superposition of 0MMT (a), damping function of 0MMT (b), time-strain 
superposition of 4MMT (c), damping function of 4MMT (d), time-strain superposition of 9MMT 
(e), damping function of 9MMT (f). 
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Based on both dynamic oscillatory shear and stress relaxation results, the ZR (0MMT) 
shows soft solid like behavior due to either  the lack of the terminal region in G’ or the presence 
of the plateau region in stress relaxation modulus. On the opposite side, the sample containing 
high amount of nanoclays (9MMT) tended to break down more easily under the applied strain. 
4.5.6. Empirical constants of the Wagner model 
The characteristic of soft solid material where relaxation spectra is strain dependent 
results in difficulty to fit the damping function with commonly used damping function models 
(Phan-Thien et al 2000). In the damping function of Wagner, exponential decay as a function of 
strain is proposed ( )exp()( kh ). However, the damping function of our system decreases 
exponentially at nonlinear low strain levels and then decreases gradually at high strain levels.  
Similar behavior was observed in bread dough by Sofou and co-worker (2008). In that work, the 
researchers used the generalized Zapas damping function including multiple coefficients to fit 
their damping function data. To reduce the complexity of using multiple coefficients, we instead 
chose the damping function that was recommended for complex systems like nanocomposites by 
Ren and Krishnamoorti (2003) as shown in Eq. (4-10).  
Experimental damping function data were fitted using Eq.(4-10). The parameters (α) 
obtained for all samples are shown in Table 4.2. The α values increase as the amount of 
nanosilicate increases. As the α increases, the linear plateau in the damping function becomes 
smaller indicating shear thinning behavior (Ren and Krishnamoorti 2003).  
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Table 4.2. The damping function α parameters of ZR and ZNR samples. 
Sample α R2 
0MMT 65.08 0.8785 
3MMT 116.29 0.9007 
4MMT 184.28 0.9308 
5MMT 424.87 0.8536 
9MMT 371.58 0.9022 
 
4.5.7 Numerical simulation of the Wagner model 
 Wagner constitutive model prediction of steady shear viscosity is shown in Figure 4.12 a-
e. The model is able to fit the steady shear viscosity of ZR sample (Figure 4.12a). As shown in 
Figure 4.12 b-e, the model fails to predict the Newtonian plateau of ZNR at low shear rates but 
tend to fit the shear thinning behavior at intermediate shear rates.  
Wagner model predictions of the steady normal stress coefficient of ZR and ZNR 
samples are shown in Figure 4.13 a-e. Overall, the model under-predicts the steady normal stress 
coefficient at all shear rates as in the case of gluten dough (Wang and Kokini 1995). However, 
the slopes are in good agreement with the experimental data.  
The Wagner constitutive model adequately predicts the shear viscosity of ZR sample 
while fails to predict the shear viscosity of ZNR samples. On the other hand, the model under 
predicts shear normal stress coefficient in all samples. This could be due to the shear softening 
behavior of zein resin when included nanoclays. 
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Figure 4.12 The steady shear and the Wagner prediction line of ZR sample 0MMT (a), ZNR 
samples: 3MMT (b), 4MMT (c), 5MMT (d), and 9MMT (e). The filled dots are experimental 
data and the lines are the Wagner prediction lines. The bars represent standard errors. 
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Figure 4.13 The normal stress coefficient value of ZR sample 0MMT (a), ZNR samples: 3MMT 
(b), 4MMT (c), 5MMT (d), and 9MMT (e). The filled dots are experimental data and the lines 
are the Wagner prediction lines. The bars represent standard errors. 
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The failure of Wagner constitutive model in prediction of shear properties has been 
reported for high density polyethylene organoclay composites (Tang et al 2011). Moreover, the 
failure of K-BKZ type model in prediction of shear viscosity was also found in polyamide 
nanocomposites (Ahmed and Lee 2006) and disordered styrene-isoprene diblock copolymer 
nanocomposites (Ren and Krishmoorti 2003). It has been suggested that at the intermediate shear 
rate, the nanocomposites underwent structural changes in mesoscale resulting in discrepancy in 
determination of damping function in the step-strain measurements (Ren and Krishmoorti 2003). 
4.6 Conclusions 
 The steady shear viscosity of zein resin shows a Newtonian plateau and shear thinning 
properties after reaching the characteristic shear rate. On the other hand, zein nanoclay 
nanocomposite resins become softer as the shear viscosity decreases independent of nanoclay 
concentration. The zein nanocomposite samples also become less elastic than the zein resin as 
their normal stress coefficient values are smaller. The linear viscoelastic properties of zein resin 
suggests that zein resin has viscoelastic soft solid that the dynamic oscillatory shear properties 
exhibit non-terminal solid like plateau with G’>G” over entire frequency range. Whereas, the 
zein nanoclay nanocomposite resins with high silicate loadings show the terminal region at very 
low frequency. The linear stress relaxation moduli can be fitted fairly well using generalized 
Maxwell model. The Wagner constitutive model adequately predicts the steady shear viscosity of 
zein resin but under-predicts the normal stress coefficient. In contrast, the Wagner model fails to 
predict the steady shear and the normal stress coefficient of zein nanoclay nanocomposite resins 
at intermediate shear rate. 
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CHAPTER 5 
ZEIN MICROFLUIDIC DEVICES
1
 
5.1 Abstract 
The soft lithography technique was mainly used to fabricate micro and nanostructure on 
zein films before assembling into zein microfluidic devices. Aside from the fabrication technique 
development, this chapter also demonstrated and discussed several potential applications of this 
environmentally friendly microfluidic device. Zein could replicate the pyramid array structures 
resulting in a thin zein film with photonic properties potentially used in optical sensor 
applications. The zein microfluidic devices were also successfully fabricated and well-assembled 
onto either a glass slide or another zein film using vapor-deposition of ethanol to create an 
adhesive layer resulting in relatively small trapped air and small shape distortion. Zein-zein and 
zein-glass microfluidic devices demonstrated sufficient strength to facilitate fluid flow in a 
complex microfluidic design that showed no leakage under high hydraulic pressure. Zein-glass 
microfluidic devices with serpentine mixing design showed successful fluid manipulation as a 
concentration gradient of Rhodamine B solution was generated. However, with this formulation, 
zein microfluidic devices were not suitable for cell culture applications. The ease of fabrication 
and bonding and the flexibility and moldability of zein offer attractive possibilities for 
microfluidic device design and manufacturing. These devices can include several unit operations 
with mixing being one of the most commonly used. The zein-based microfluidic devices, made 
entirely from a biopolymer from agricultural origin, offer alternative environmentally friendly 
material choices that are less dependent on limited petroleum based polymer resources. 
1 Reproduced in part by permission of the Royal Society of Chemistry, from J. Luecha, Hsiao,A., Brodsky, S., Liu, G.L. and J.L. Kokini, 
“Green microfluidic devices made of corn proteins” Lab on a Chip, 11, 3419-3425 (2011), 
http://pubs.rsc.org/en/content/articlepdf/2011/lc/c1lc20726a  
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5.2 Introduction 
Petroleum-based polymer and plastics materials such as Poly(dimethylsiloxane)  
(PDMS), acrylics and polycarbonate have been widely used to manufacture  mesoscale and 
microscale fluidic devices (Whitesides 2006; Sidorova et al 2009; Qin et al 2010). While these 
materials have been useful in the development of microfluidic platforms, they potentially pose 
environmental concerns especially when they are to be used as on-site sensing disposable 
devices (Powell et al 1999). Environmentally friendly microfluidic devices are becoming 
progressively more important in applications where a great number of samples or trials are 
required. Such applications potentially are in the agriculture sector which includes on-field 
agricultural sensing of harmful diseases (Skottrup et al 2008) and on-field environmental sensing 
of pollutants (Lafleur et al 2010; Xi et al 2010). Although, the application of microfluidics in 
agriculture sector is relatively new, the number of research papers related to microfluidic 
applications in this field is growing rapidly (Neethirajan et al 2011). The interest of utilizing 
biodegradable materials is increasing as several biodegradable materials have been used as 
substrates for fabricating microfluidic devices including silk fibroin (Domachuk et al 2010) and 
gelatin (Paguirigan and Beebe 2006), poly(DL-lactic-co-glycolide) (PLGA) (King et al 2004), 
poly(glycerol sebacate) (PGS) (Bettinger et al 2006), calcium alginate (Cabodi et al 2005).  
 The US has been the leading producer of corn for many decades. The major products 
from corn are corn flour and starch, corn oil and ethanol. Bio-ethanol production from corn 
utilizes dry-grind processing leaving behind protein-rich distillers’ dried grains with soluble 
(DDGS) as byproduct that later on is used as low cost feed stocks (Shukla and Cheryan 2001). 
Zein, the protein extracted from DDGS has become increasingly important as adding value to 
this byproduct could highly impact bio-ethanol production cost (Core 2002). Zein, a prolamin is 
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a potential low-cost bio-based material (Xi et al 2010) of agricultural origin. Zein comprises of 
50% hydrophobic amino acids including alanine, proline and leucine (Lazstity 1996). It is 
heterogeneous protein that can be fractionated into α-zein, β-zein, δ-zein and γ-zein, with α-zein 
being the most abundant fraction (Esen 1986; Esen 1987). α-zein which is the most abundant in 
commercial zein, has a molecular weight of 19 to 22 kDa (Esen, 1987). Zein has high α-helix 
content (40-50%) with 15% of β-sheet and the rest of the configuration is aperiodic (Argos et al 
1982). The structure of α- zein protein is suggested to be an elongated rod (Argos et al 1982; 
Tatham et al 1993; Matsushima et al 1997) and consists of 10-11 α- helical segments folded 
upon each other in antiparallel manner linked together by hydrogen bonds and glutamine rich 
turns. The planar configuration which consists of glutamine rich turns are hydrophilic whereas 
the area along the length of the rod which comprises of helical segments is hydrophobic. Zein’s 
ability to form film can be explained by the alignment of rods and their self-organization into 
two-dimensional films (Matsushima et al 1997). The glass transition temperature of bone dried 
zein was 139 
o
C and it significantly decreased with increasing moisture content as a result of the 
plasticizing effect of water molecules (Madeka and Kokini 1996). Zein has been approved by 
U.S. Food and Drug Administration as a nontoxic material for food applications and is also 
biodegradable in nature. Zein has also been studied extensively for applications including 
coatings, adhesives, food packaging, drug and functional food delivery systems (Lawton 2002).  
 The thermoplastic property of zein allows excellent film formation (Lawton 2002). Zein 
film properties can also be engineered for specific applications by varying the preparation 
technique. The solvents that are commonly used in forming zein films via solvent casting are 
aqueous ethanol, isopropanol, acetone and glacial acetic acid. The complete list of solvents used 
for fabricating zein film can be found in Lawton (2002). The modification with cross-linking 
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reagents (e.g. glutaraldehyde) was found to improve the mechanical properties of zein film (Kim 
et al 2004). The researchers found that mild cross-linked zein film had 30 % greater tensile 
strength than the zein film alone. Zein film alone is brittle in nature thus addition of plasticizer is 
required. The type of plasticizers used affects the mechanical properties of zein films by 
reducing the tensile strength and increasing the ductility (Lawton 2004). The use of hydrophobic 
plasticizers instead of hydrophilic plasticizers resulted in more stable films over a wide range of 
relative humidity (Lawton 2004). The water absorption ability of zein film can be easily 
controlled as this property depended on the type and concentration of plasticizer used (Lawton 
2002). Zein can be formed into film without the need for a solvent by hot press molding allowing 
solvent free film formation (Liu et al 2010). However, processing at high temperature can cause 
protein denaturation which is difficult to control. Zein film surfaces can also be engineered to 
yield different hydrophobic/hydrophilic properties based on solvent type and UV/ozone 
treatment (Shi et al 2009). Zein can also be used for medical applications such as scaffold 
materials because of its biocompatibility (Dong et al 2004; Sun et al 2005). Zein matrices were 
found to provide sufficient human liver cell and mice fibroblast growth and attachment (Dong et 
al 2004). The cell attachment on zein matrices could also be promoted by chemical modification 
(Liu et al 2010; Wang et al 2009).  
 In our preliminary study, zein films with several microstructures such as channels, grids 
and wells (Altunakar et al 2010) were fabricated using the well-accepted soft lithography 
technique (Xia and Whitesides 1998). The micro features were successfully formed onto zein 
matrices. The ease of fabrication at mild condition makes zein a potential candidate for being 
used as a microfluidic device base material. In this current study, we introduce green 
microfluidic device manufacturing methods made entirely of zein that can be utilized as 
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disposable health and environmentally friendly microchips. Using standard soft lithography, we 
fabricated thin zein films with diverse microfluidic designs. The bonding methods were 
developed to assemble zein film containing microfluidic channels with other mating substrates.  
Zein film once in contact with water later on becomes opaque due to protein precipitation. 
Therefore, glass slide was used as another bonding surface for the sake of visualization and to 
give us additional alternatives. The basic microfluidic performances and the potential 
applications of zein microfluidic devices were demonstrated.  
5.3 Materials and Methods 
5.3.1 The masters 
 The master templates used in this study were supplied from two sources and made by 
different process regarding the size and shape of the microstructures. The stereolithography was 
supplied by the Rapid Prototyping Laboratory at the Department of Mechanical and Engineering. 
Several designs of channels and wells were created using drawing software and submitted 
electronically to the laboratory for fabrication. Examples of the SLA molds are shown in Figure 
5.1a. The design of pyramid microarrays, fabricated by multiple-step moulding and replication 
process, was kindly provided by Professor Liu’s group of the Micro and Nanotechnology 
Laboratory. The SEM images of pyramid microarray masters are shown in Figure 5.1b (Xu et al 
2011). 
5.3.2 PDMS molds 
 PDMS polymer (Sylgard ® 184 Silicone elastomer base, Dow Corning Corp., MI, USA) 
was prepared at the ratio of polymer to curing agent (Sylgard ® 184 Silicone elastomer curing 
agent, Dow Corning Corp., MI, USA) of 10:1 (w/w). The PDMS solution was placed still at 
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ambient condition for 12 hours to degas. After degassing, the PDMS solution was poured onto 
the masters and cured either at 70 
o
C for 1 hour or overnight at room temperature. 
 
Figure 5.1 Masters made from SLA (a) and multi-step moulding with the pyramid microarray 
(SEM image (inset), Xu et al 2011) (b). 
5.3.3 Fabrication of zein microfluidic films using soft lithography (Fiure 5.2a) 
 Zein was mixed with oleic acid (Sigma Aldrich, WI, USA) and monoglyceride (Caravan 
Ingredients, KS, USA) at the ratio of 6g of zein : 6g of oleic acid : 0.3 g of monoglyceride in 
warm (50 
o
C) aqueous ethanol (75% v/v) (zein 6 g: ethanol 30 ml). Then the mixture was heated 
at 65-70 
o
C for 5 minutes before being sonicated in order to remove air bubbles. The mixture was 
then poured on top of the PDMS master with micro-channels and dried in a desiccator. The 
drying time was 48 hours for 5000 mm
3 
of zein solution on 50 mm × 50 mm surface area. The 
patterned zein films were obtained by peeling off the PDMS mold. The thickness of zein film 
was set by controlling the volume of the zein solution during casting step. 
5.3.4 Zein microfluidic film bonding methods  
5.3.4.1 The solvent deposition method (Figure 5.2b) 
 A glass slide and a zein film with microfluidic channel were placed patterned-side down 
on a hot plate at 35 
o
C for 5 minutes. A thin layer of aqueous ethanol (75%) was sprayed on an 
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extra glass slide and the patterned surface of zein film was placed on the ethanol-coated surface 
of the extra glass slide to transfer a thin film of ethanol. The ethanol-coated zein film was 
attached to the warm surface of the glass slide and initially pressed by hands to ensure the zein 
film was fully in contact with the glass slide. A light weight (500 grams) was placed on top of 
the bonded zein film-and kept at 35 
o
C for five more minutes. The bonded zein-glass 
microfluidic device was cooled down to ambient temperature before use. 
5.3.4.2 The vapor deposition method (Figure 5.2c) 
 The vapor deposition bonding process, consisted of the following steps: 95% v/v ethanol 
solution was heated to 65 
o
C in a 100 mL beaker and the zein film with a microfluidic channel 
was exposed to the ethanol vapor for 5 minutes; The zein film was placed 3.5 cm above the 
ethanol solution during the vapor deposition; The ethanol-exposed zein film was attached to a 
degreased glass slide and initially, pressed down by hand to ensure the zein film was fully in 
contact with the glass slide. A lightweight (500 grams) was placed on top of the bonded zein film 
for five minutes at room temperature. 
5.3.5 Evaluation of patterned zein films and bonded zein devices using scanning electron 
microscope imaging  
 A scanning electron microscope (FEI Company, OR, USA) was used to visualize the 
microstructure on zein films and the cross-sectional area of the zein microfluidic devices. The 
surfaces of interest were sputter-coated with 7 nanometers of silver/palladium for imaging 
contact. The cross sectional area of the zein-zein sample was obtained by first cutting the zein 
chip into cone shaped pieces with a razor blade and smoothing the cross sectional area with the 
diamond knife of the microtome. The cross-section of the zein-glass sample was obtained by 
scoring the zein side and the glass side separately and snapping the sample.  
105 
 
 
Figure 5.2 The cross section sketch of the fabrication of zein microfluidic device. (a) The soft 
lithography fabrication method was used for fabricating zein microfluidic device from PDMS 
intermediate master and SLA master. (b) The solvent bonding method. (c) The vapor deposition 
bonding method. (d) Macro images of zein-glass and zein-zein microfluidic devices. 
5.3.6 Testing for the bonding quality using shear strength test  
 A shear strength test has been used to evaluate the bonding quality for glass microfluidic 
chips (Jia et al 2004; Chen et al 2006). A Texture Analyzer HD Plus (Stable Micro Systems, 
Surrey, UK) was used to test the bonding quality of bonded zein film with a glass slide by the 
vapour deposition method. Three zein films were prepared with dimension of 26 mm  22 mm  
0.5 mm. Each zein film was bonded onto a glass slide with a bonding area of 16 × 22 mm
2
. The 
glass slide end, fixed to a C-clamp, was stationary while the zein film end was pulled upward at a 
velocity of 0.1 mm/s until failure. A double-sized tape was used to increase the adhesion and 
cushion between the samples and the clamp to avoid breakage and tear. The free standing zein 
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films with dimension of 70 mm  20 mm  0.7 mm were clamped from both ends to a C-clamp 
for an evaluation of the film tensile properties following the same shearing test. The texture 
analyzer was calibrated prior to the mechanical test with a 30-gram load cell and the resulting 
stress and strain was calculated using the built-in software. 
5.3.7 Testing for the bonding quality using the optical characterization of fluid flows in 
microfluidic channels 
 In this test, several types of fluids were used to observe the quality of the bonding of 
zein-glass microfluidic devices. First, the inlet and outlet openings of the bonded zein 
microfluidic channels were punctured using 20 gauge stainless steel blunt needles. For zein-glass 
microfluidic chip bonded by vapor deposition bonding method, the fluids were manually 
introduced into the microfluidic channel using a 5 mL syringe. The fluids were the crystal violet 
stain (0.1% solution, Sigma Aldrich, MO, USA) and food dye (Durkee food coloring, ACH Food 
Company Inc., IA, USA) (without dilution), a solution containing approximately 70,000 of 10-
micrometer beads/ml (Sigma Aldrich, MO, USA), and a 0.1 mM Rhodamine B solution (Sigma 
Aldrich, MO, USA). Once the fluids exited from the outlet, the microfluidic channels were 
imaged immediately to minimize evaporation. Optical visualization of the fluid containing 
microfluidic channels on the zein microfluidic chips was achieved using an inverted microscope 
(Olympus IX81, PA, USA) with 4X and 10X magnification using bright field illumination. The 
images were taken using 2 MP camera (Diagnostic Instruments, MI, USA) with <50 millisecond 
exposures. The microfluidic devices were placed on the stage with the channels on the top. 
Therefore, the observation was taken from the bottom of the devices which were either zein flat 
films or glass slides.  
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5.3.8 Autofluorescence measurement of zein film 
 Proteins derived from natural origins normally have autofluorescence property. This 
property can possibly be interference the observation of fluorescence dye conjugated to cells in 
the cell culture applications (Paguirigan and Beebe 2006). Moreover, no report has been 
characterized in the autofluorescence of zein. Therefore, the autofluorescence of zein films was 
observed using a fluorescent microscope (Carl Zeiss, NY, USA) with excitation wavelength 
range of 450-490 nm and the emission of spectrum of zein was captured using a 500-800 nm 
range spectrometer (Control Development, IN, USA). The thickness of the zein film was 1 mm 
and the negative control was Millipore water. 
5.3.9 Zein-glass microfluidic concentration gradient generator 
 A design of two inlets and two tiers of 500-μm serpentine mixing channels was fabricated 
using stereolithography and transferred to a zein film by soft lithography. A zein-glass 
microfluidic device with the serpentine design was assembled using vapour deposition method. 
For the concentration gradient generation experiment, a 0.1 mM Rhodamine B solution and 
Millipore water were introduced via two different inlets into the device. The flow rate of the two 
solutions was maintained at the same rate. The fluorescence intensity of the concentration 
gradient of Rhodamine B was statically imaged using an inverted fluorescence microscope 
(Olympus IX81, PA, USA). The fluorescent intensity profile across each channel was obtained 
using the MATLAB (MathWorks Inc., CA, USA) program. 
5.3.10 The diffusion characterization in zein microfludic devices using Rhodamine B  
 A Rhodamine B solution at concentration of 0.1 mM (Sigma-Aldrich, MO, USA) were 
introduced into zein microfluidic channels using a 5 mL syringe. Fluorescent images were 
108 
 
obtained using an epi-illumination fluorescent microscope (Nikon, NY, USA) with excitation 
wavelength peak at 541 nanometers and emission cut-off wavelength at 572 nanometers. All 
fluorescent images were taken using the same illumination intensity and exposure time. For 
diffusion characterization, the fluorescent intensity of Rhodamine B in the zein microfluidic 
channel was recorded every hour for four hours. The images were taken using 2 MP camera 
(Diagnostic Instruments, MI, USA) with <50 millisecond exposures. The fluorescent intensity 
profile across each channel was obtained using the MATLAB (MathWorks Inc., CA, USA) 
program to analyze 3 different spots. 
5.3.11 Cell culture on zein microfluidic devices 
Zein-glass microfluidic devices were fabricated and used for cell culture. First, the 
phosphate buffer solution (PBS) at 1X concentration, supplied from the Bionanolab of MNTL, 
was flowed through the devices to remove trapped air and debris. Later on, the re-suspended 
Chinese Hamster Ovary (CHO) cell solution containing 2106 cells per ml, provided by 
Professor Liu’s group of MNTL, was flowed through the devices using 3ml syringe. Zein-glass 
microfluidic devices were initially rinsed with 1X PBS to remove trapped air and debris. The 
device was observed immediately after cell loading and then after 15, 40h and 64 hours of 
incubation (37
o
C, 80% humidity, Thermo Scientific NAPCO Series 8000 CO2 incubators from 
Thermo Fisher Scientific Inc., MA, USA). Aside from zein microfluidic device, zein films 
prepared from different formulations were place at the bottom of the Corning® 96-well plate, 
which was made of polystyrene, for conventional cell growth observation. Zein film 
formulations were without oleic acid and with only 50% oleic acid and the control was the 
bottom of 96-well pate. The CHO cells were seeded on the corning 96-well plate and observed 
after 12 hour using the inverted microscope (Olympus IX81, PA, USA). 
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For cells preparation at Bionanolab in MNTL, prior to the re-suspending, these CHO 
cells were maintained in Ham's F12 medium containing 5% fetal bovine serum (FBS), 1% 
antibioticantimycotic solution (10 units/mL penicillin G sodium, 10 ug/mL streptomycin sulfate, 
25 ug/mL amphotericin B, 0.85% saline; Invitrogen, CA, USA), and 1% glutamine and grown in 
100 mm glass culture plates at 37 °C in a humidified atmosphere of 5% CO2. Then the CHO 
cells were transferred when the culture becomes confluent. 
5.4 Results and Discussion  
5.4.1 Evaluation of microstructures using SEM 
 The SEM images of several micro and nanostructures on zein surfaces obtained from soft 
lithography technique are displayed in Figure 5.3. The microfluidic channel with 500 micrometer 
width and 500 micrometer depth and circular inlet chamber is well-replicated onto zein film 
(Figure 5.3a-b). The cross-sectional geometry of the channel on zein film (Figure 5.3b) is 
slightly deviated from the original rectangular geometry of the SLA master. This could be the 
result of replicating the pattern from the elastic nature of PDMS intermediate mold. Figure 5.3c 
displays the array of protruded micro-cubic structures that later subsequently bonded to a glass 
slide to form mesh microfluidic device. Figure 5.3 d and e portray the array of pyramid 
structures, the dimension of the base of one pyramid was 1μm × 1μm. Even though, the low 
voltage was used imaging these shapes, the beam of SEM was too strong causing zein surface to 
melt at hight magnification. As shown in Figure 5.3d, the tips of the pyramid are dull. Figure 5.3f 
shows the microfluidic chamber containing post structures. This microfluidic design is 
commonly used in the cell culture study.  
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Figure 5.3 The SEM images of zein with micropatterns fabricated by soft lithography, the 
microfluidic channel with an outlet (a), the cross section of the microfluidic channel (b), the 
periodic micro structures (c), the pyramid microarray at the interface to a flat surface (d), the 
pyramid microarrays at high magnification (e), the microfluidic chamber with posts (f). 
 
Figure 5.4 Top row: Zein films containing pyramid microarray (small rectangular shape at the 
center of zein films) scatter the light in different colors depending on the angles. Bottom row: 
The SEM images of the pyramid microarray at different magnifications. 
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The sub-micrometer sizes of the pyramid structures on zein film (4mm×4mm rectangular 
area) scatter light into different colors depending on the angle of the incident light, suggesting 
photonic properties (Figure 5.4). The materials with low refractive index that contain periodic 
structures at a sub-wavelength regime can propagate the electromagnetic waves, resulting in 
photonic properties (Paquet and Kumahceva 2008). This also indicates that zein films produced 
by soft lithography well-capture small structures at the scale in which they can propagate the 
light. This could possibly be further developed in the field of optical sensors in microfluidic 
devices.  
In order to obtain the microfluidic devices, the zein film containing any patterns needs to 
be assembled to another mating substrate. Figure 5.5a shows the macro image of complete 
assembled zein-zein and zein-glass microfluidic devices that were made from zein films 
containing simple straight channels. The cross-sectional SEM image of the original zein film 
containing microfluidic channel is shown in Figure 5.5b.  
 Zein microfluidic devices bonded by vapor deposition bonding method maintain the 
original shape of the zein microfluidic channel very well as observed by cross-sectional SEM in 
both zein-zein and zein-glass samples (Figure 5.5c-d). The small separation portion observed in 
the SEM image of the zein-zein device (Figure 5.5c) was just a defect from the external stress 
generated by a laser blade that was used during cross-sectioning step of SEM sample 
preparation. It can be seen that the vapor deposition bonding technique could bond zein to either 
flat zein film or glass slide with less zein debris at the interface in comparison to the samples 
bonded by solvent bonding method (Figure 5.5e-f).Moreover, the vapour deposition bonding 
technique is sufficient to bond zein microfluidic film with minimal channel distortion especially 
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when bonded to another soft material like a zein film (Figure 5.5c). Another advantage of vapor 
deposition method compared to solvent bonding is that the inlet and outlet of zein microfluidic 
film can be punctured before bonding without melted zein flowing inside the channel. 
 
 
Figure 5.5 The image of boned zein-zein and zein-glass microfluidic devices (a). The SEM 
image of zein microfluidic film before bonding (b). The cross-sectional SEM images of zein-zein 
and zein-glass microfluidic devices bonded by vapor deposition bonding method (c) and (d). The 
cross-sectional SEM images of zein-zein and zein-glass microfluidic devices bonded by solvent 
bonding method (e) and (f).  
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 When a zein microfluidic film is bonded to a zein flat film using the solvent bonding 
method, there is no observable seam between the two bonded zein films (Figure 5.5e). The width 
of the channel in the zein-zein microfluidic device measures approximately 435 micrometers and 
the height of the channel is approximately 200 micrometers. Also, the micro-channel geometry 
after bonding in the zein-zein microfluidic device is more oval-shaped compared to the original 
geometry (Figure 5.5b). For zein-glass microfluidic device, there are two distinct layers: bulk 
zein film and the glass slide, observed from the SEM imaging (Figure 5.5f). The melted zein 
layer cannot be distinguished from the bulk zein film optically. The disadvantages of solvent 
bonding, particularly in zein-zein microfluidic device, include excessive solvent applied to zein 
film resulting in melted zein at the interface and channel collapse as melted zein overflows into 
the adjacent channel. 
 The SEM images suggest that the vapour deposition bonding method is better than the 
solvent bonding method in terms of less debris and less structure distortion. Therefore, in the rest 
of the study, we used only this bonding technique. 
 
5.4.2 The shear testing for bonding quality test 
 The strength of the bond between the zein film and the glass slide was measured using a 
shear test. The tensile strength of zein bonded to the glass plate was 2.32 ± 0.47 MPa (n=3). The 
strength of the bond is greater than the tensile strength of the zein film since only the un-bonded 
portion of the zein film was torn apart while the bonded portion of the zein film to glass 
remained undistorted during the test. During the stretching process, film necking was observed 
near the portion of the zein film that was bonded to glass. Post-stretching observations revealed 
that the zein film breakage occurred near the film-glass slide interface and the break line of the 
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film was straight which is probably due to uniform bonding across the attached area. The bonded 
portion of the zein film did not show any translation with respect to the glass slide. The tensile 
strength of free standing zein films with the same formulation with the microfluidics was 4.95 ± 
0.04 MPa (n=4). 
 The bonding technique used in this study was based on the thermoplastic nature of zein 
(Lawton 2002; Hernandez-Izquierdo and Krotchta 2008; Lehman 2004). Zein has been known 
for its adhesion properties. It was used as an adhesive for bonding glass-to-glass pieces as a 
binder for cork and an adhesive for wood blocks. Zein could provide stronger adhesion than 
when polyvinyl acetate adhesive was utilized (Parris and Coffin 2003). In our experiment, the 
zein surface was thermally activated and thinly coated with aqueous ethanol. This process allows 
zein polymer in the thin solvated layer to become more mobile and be able to diffuse across the 
solvated layer to another mating surface (Tsao and DeVoe 2009). For instance, the entire channel 
wall of the zein-zein microfluidic device is made of the same material and thus has the same 
surface properties. With ethanol assisting, the entanglement of zein polymers takes place across 
the interface of zein-zein microfluidic device resulting in adhesive properties and seamless 
bonding. In case of zein-glass microfluidic device, only the thin solvated zein layer adheres to 
the glass slide. As in the previous case zein needs to gain enough mobility to flow and adhere to 
the surface of the glass slide. The melted zein appears to have filled in the micro voids of the 
glass surface and hardened after cooling resulting in good bonding of zein onto the glass piece. 
The excess amount of ethanol caused the geometry to be distorted, which can be avoided by 
using the vapor deposition bonding technique. The ethanol vapor molecules diffuse to the surface 
of the zein microfluidic film resulting in mobile zein polymer thin layer only at the surface that 
bonds to another surface.  
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5.4.3 Testing for the bonding quality using the optical characterization of fluid flows in 
microfluidic channels 
 The inlet and outlet of a zein-glass microfluidic device for fluid flow testing were 
connected to tube and fixed with superglue, and the fluid flows were visually observed from the 
bottom (glass side) of the devices as shown in Figure 5.6. Several types of fluid, including 
organic solvent base (crystal violet) and the water base (food colorant) fluids, were injected 
through zein-glass devices bonded by ethanol vapor deposition (Figure 5.7). Crystal violet stain 
solution was observed to flow only inside the channel and did not leak out at any point along the 
length of the microfluidic channel of zein-glass microfluidic chip (Figure 5.7a). Microscope 
images of the microfluidic channel revealed the presence of the blue dye inside the microfluidic 
channel, and due to the complete encapsulation of the dye solution the boundary between the 
microfluidic channel and the walls is clearly defined (Figure 5.7b). Figure 5.7c shows the 
solution containing 10-micrometer diameter microbeads flowing through the zein-glass 
microfluidic devices bonded by vapor deposition method. The microbeads with the side similar 
to cells, flowing through the channel can be seen clearly through the glass side of zein-glass 
microfluidic device. Zein like other biomaterials has auto-fluorescent property. However, the 
auto-fluorescence level of zein is much lower than the fluorescent signal of fluorescent dye 
Rhodamine B (Figure 5.7d). 
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Figure 5.6 The zein-glass microfluidic device with tubing at the inlet (Left). General set up of 
visualizing the fluid flows from the bottom of zein-glass microfluidic device (Right). 
 
Figure 5.7 Visualization of colorant, microbeads, and fluorescent molecules in zein-glass 
microfluidic device. (a) Macro photograph image of crystal violet stain fluid flow in a zein-glass 
microfluidic device with tubing at the inlet and outlet ports (scale bar: 10 mm). (b) Micro image 
of blue food colorant inside the zein-glass device to show the strength of channel bonding and 
lack of leakage (scale bar: 250 μm). (c) 10-μm microspheres inside the zein-glass device to show 
good visibility of the device (scale bar: 250 μm). (d) Rhodamine B stain inside the zein-glass 
device to show the low auto-fluorescence level of zein film in contrast with Rhodamine B (scale 
bar: 250 μm). 
 Zein-glass microfluidic devices with complex fluidic pathways were also fabricated. The 
food colorant was successfully injected through an interconnected letter channel (Figure 5.8a), a 
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microfluidic network made from zein film with protruded micro-cubic structures (Figure 5.8b), 
and a solved microfluidic maze with multiple false paths microfluidic network (Figure 5.8c). A 
complete confinement of the food colorant through the entire length of the microfluidic channels 
demonstrates the quality of zein-glass bonding over a large surface area (>100 mm
2
) and the 
resistance to hydraulic pressure. 
 
Figure 5.8 Visualization of zein-glass microfluidic devices with complex fluidic pathways. (a) 
Interconnected letters composed of continuous microfluidic channels, (b) a microfluidic network 
with channels and chambers, (c) a solved microfluidic maize maze with multiple false paths. 
Blue food dye was used for visual aid. All scale bars are 5 mm. 
5.4.4 Autofluorescence measurement of zein film 
 The spectrum of autofluorescence of zein was measured using excitation wavelengths 
from 450 nm to 490 nm. The emission spectrum has maximal values at 550 nm and 580 nm and 
the maximal value of autofluorescence of zein is only ten times that of the negative control water 
(Figure 5.9). The fluorescence of the Rhodamine B in several dilutions were also observed, 
however, their intensity were too high to put in the same graph with the zein sample. This 
indicates that though zein has autofluorescence properties, the intensity is relatively low to cause 
interference in the observation of the cells using fluorescence dyes in cell culture application. 
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Figure 5.9 Emission spectrum of zein film (solid line) and Millipore water (dashed line) under 
excitation from 450-490 nm. 
5.4.5 Zein-glass microfluidic concentration gradient generator 
 A microfluidic concentration gradient generator fabricated on zein film was used to 
create four different concentrations of Rhodamine B fluorescent solution. A 0.1 mM Rhodamine 
B solution and Millipore water were introduced from separate inlets and allowed to flow through 
two tiers of serpentine fluidic pathways (Figure 5.10a). Throughout the serpentine channels, the 
fluorescent solution and non-fluorescent Millipore water repetitively mixed and split, resulting 
in the variations of fluorescence intensity. Figure 5.10b to e show the fluorescence microscope 
images of different concentrations of Rhodamine B solution due to mixing. The fluorescence 
intensity profile (Figure 5.10f-g) of the four resulting solutions at the outlet of the generator 
showed increasing fluorescence intensity at each sequential branch of the channels, 
demonstrating successful concentration gradient generation by zein-glass microfluidic mixing 
device.  
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Figure 5.10 Visualization and evaluation of zein-glass microfluidic concentration gradient 
generator. Two levels of serpentine channels for mixing two different chemical fluids introduced 
from two inlets (a). Fluorescence microscopic images of a second level of serpentine channels 
(solid box in Figure 5.10a) contain increasing concentration of Rhodamine B solution (b-e). 
Final concentrations of Rhodamine B solution at the exit region of microfluidic mixer (dashed 
box in Figure 5.10a) (f). A fluorescence intensity profile across the exit region along the dashed 
line in Figure 5.10f (g). A scale bar is 500 μm. 
5.4.6 The diffusion of Rhodamine B solution in zein microfludic devices 
 Unlike other petroleum based polymers, bulk zein matrix can permeate small molecules 
such as water, which potentially enables new applications. The ability of water absorption of 
both zein-zein and zein-glass devices was characterized by static imaging of the absorption of 
Rhodamine B solution. The images were taken from the bottom of the channel, either glass side 
or zein flat film side of the device. After the channel was filled with Rhodamine B solution, it 
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was imaged up to 4 hours at 1-hour interval. The Rhodamine B solution illuminates inside the 
channel of zein-glass device (Figure 5.11), with the high fluorescent intensity at the locations 
adjacent to both walls of the microfluidics as the dye solution accumulates near the walls. 
Overall, the fluorescent intensity inside the channel decreases over time, however, the 
fluorescent intensity spreads laterally to both sides of the walls. On the other hand, the 
fluorescent intensity inside of the channel of zein-zein device increases overtime with slightly 
spreading to the wall of the channel (Figure 5.12). This suggests that the diffusion of the 
Rhodamine B solution in zein-zein device takes place not only in the lateral direction towards the 
walls but also at the direction towards zein flat surface.  
 
 
Figure 5.11 The microscopic images of the zein-glass microfluidic device containing the 
fluorescence dye taking at different time. Dot lines are examples of spots where the intensity 
measurement was taken for the fluorescent intensity profile. Scale bar: 250μm. 
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 The fluorescent intensity profile was obtained using image processing software to 
quantify the intensity at a slice of the images, as dot lines shown in Figure 5.11 and 5.12. The 
average fluorescent intensity from three locations of the images was plotted against the distance 
across the channels (from left to right). The intensity profiles (Figure 5.13) show that the 
diffusion of Rhodamine B solution in zein-glass device towards the channel walls occurs slowly 
and tends to be steady at long time. On the other hand, the diffusion of the solution in zein-zein 
device increases rapidly towards the zein flat films and increases gradually towards the walls of 
the channel.  
  
 
 
Figure 5.12 The microscopic images of the zein-zein microfluidic device containing the 
fluorescence dye taking at different time. Dot lines are examples of spots where the intensity 
measurement was taken for the fluorescent intensity profile. Scale bar: 250μm. 
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Figure 5.13 The fluorescent intensity profiles averaged from 3 spots of zein-glass microfluidic 
device (a) and zein-zein microfluidic device (b). 
 The diffusion coefficient of Rhodamine B solution in zein matrix was calculated by 
fitting the fluorescent intensity profile to Fick’s second law of diffusion. The diffusion 
coefficient (at t = 4 hours) for zein-zein microfluidic device is 3.27 x 10
-13
 m
2
/s and for zein-
glass microfluidic device is 3.54 x 10
-13
 m
2
/s. The diffusion coefficient values of zein-zein and 
zein-glass microfluidic devices are in the same range of order of magnitude for diffusion 
coefficient values of water to other biological solid materials, for example 10
-12
 m
2
/s for 
polydextrose, 10
-10
 m
2
/s for starch, and 10
-10
 m
2
/s to 10
-8
 m
2
/s for wheat (Okos et al, 2007). This 
indicates a diffusive displacement of small solutes between the fluid and the bulk zein films. 
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5.4.7 Cell culture in zein-glass microfluidic devices 
 Figure 5.14 shows the microscopic images of the zein-glass microfluidic channel after 
cell seeding at various times. Right after the seeding (t=0), the cells are floating in the channel in 
which this can be viewed clearly. In contrast, after 15 hours, zein film becomes opaque and 
swollen in which this make it difficult to observe cells and only rough surface is observed. 
Moreover, there is no sign of cell elongation which is the indication that cells have adhered to the 
glass surface and start to grow. Several attempts have been made in the investigation of the cell 
growth in zein microfluidic devices, but only negative result showed. This suggests that this 
formulation of zein microfluidic device is not friendly for cells. This finding was inconsistent 
with the reports from the literatures (Wang et al, 2008;Dong et al 2004; Gong et al 2006; Sun et 
al 2005; Wang et al 2005a) that they have been successfully growing cells either on zein films or 
zein scaffolds using either zein from Showa Company or biochemical grade zein from Wako 
Pure Chemical Company which both are from Japan. There are two possible reasons for the 
inconsistency 1) the microenvironment of the zein microfluidic device was not suitable for cell 
culture and 2) the chemical reagents used in this formulation were toxic to cells. It would be 
possible that the yellow pigments include xanthophylls and carotenoids have been partially 
removed for the purified zein (Shukla and Cheryan 2001). These pigments simply have 
antioxidant activity in nature. This would be the case that with the yellow zein we used, these 
pigments competitively consumed oxygen in the microenvironment of cell culture in 
microfluidic device resulting in cell dead. Aside from the yellow color of zein, the oleic acid, one 
of the reagents in this formulation, was reported to induce cell death even at the much lower 
concentration than the one that used in our study (Fernanda Cury-Boaventura et al 2006). 
Therefore, for the purpose of cell culture, zein material should be purified and cell-friendly 
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plasticizers should be used. Since only non purified zein was focused in this research, no further 
investigation in cell culture on zein microfluidic devices was pursued. 
 
Figure 5.14 Microscopic images for monitoring of cell growth on zein-glass microfluidic device 
taken right after CHO cells seeding and after 15 hours of incubation (scale bar: 40μm). 
 
5.5 Conclusions 
 The zein microfluidic devices were successfully fabricated by means of soft lithography. 
For the purpose of micro-fabrication, zein films can be used to reliably replicate micro-scale 
features, and strongly bond to glass slides and zein films while retaining the micro-scale features. 
Zein films with pyramid microarray patterns exhibit photonic properties that can be further 
developed in the label-free sensor applications. Zein film can be bonded easily and quickly to 
different kinds of material without requiring expensive equipment such as oxygen plasma 
generator. As a consideration for a more environmental friendly and agricultural based 
alternative to PDMS, zein microfluidic devices have been shown to have comparable bond 
strength and similar processes of fabrication that do not require any new equipment beyond 
standard ones. Zein microfluidic devices show distinct permeability to small molecules enable 
diffusive exchange between fluid flows and bulk zein microfluidic channels. This could possibly 
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be developed into microfluidic devices that can store reagents or compounds of interest. Zein 
microfluidic with micro mixing channels has the potential to be used as fluid manipulator that 
can be coupled with other analytical components for more complex micro total analysis 
applications. The application of zein microfluidic device can be far reaching due to its 
biocompatibility, biodegradability and renewability.  
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CHAPTER 6 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 
6.1 Conclusions 
This dissertation investigated the feasibility of implementing nanotechnology to improve 
and advance the zein biomaterial form agriculture origin for broader applications. The 
fabrication of nanocomposite structure was first introduced to zein films in order to improve their 
mechanical, barrier and thermal properties for packaging applications. Several characterization 
techniques were adopted to evaluate the nanocomposite structure and the performances of the 
nanocomposite films. Moreover, the rheological properties of zein moldable resins were 
investigated to gain insight into the impact of nanoclay inclusion on the viscoelastic properties of 
that were used for extrusion blown films. Aside from the fabrication of nanocomposite structure, 
the fabrication of microstructures on the zein film surfaces was developed based on the soft 
lithography technique. The zein films containing micron sized structures were then assembled 
into microfluidic devices. Several microfluidic performances were investigated to demonstrate 
plausibility in the field of microfluidic devices for agricultural applications. 
First, the polymer nanoclay nanocomposite techniques were applied to the commonly 
used zein film fabrication methods for packaging applications. The microanalysis study 
suggested that both the solvent casting and the extrusion blowing techniques sufficiently 
dispersed the nanoclays to a mix degree of exfoliation and intercalation. However, the inclusion 
of nanoclays did not linearly advance the physical properties of the zein films as a function of 
nanoclay content. For solvent casting method, the tensile strength increased as nanoclay content 
increased just up to 5 wt.% then leveled off. On the other hand, the water vapor barrier properties 
first dropped at low nanoclay content (1-3 wt.%) while started to increase at nanoclay content 
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greater than 5 wt.%. This demonstrated that there was critical nanoclay content, the highest 
nanoclay level that shows property improvement, for the solvent cast zein nanocomposite films. 
For the extrusion blowing technique, the zein with the nanoclays at a concentration of 5wt.% and 
greater could not be formed into films, thus limiting the characterization. In comparison between 
the two preparation techniques, the zein films prepared by extrusion blowing showed greater 
mechanical properties but poorer water vapor barrier properties.  
The second investigation was focusing on the viscoelastic properties of the zein nanoclay 
nanocomposite resins that were the intermediate mixtures used for zein films fabricated by 
extrusion blowing technique. The pristine zein resins exhibited soft solid like behavior and a 
shear thinning properties at the strain greater than 0.1%. The effect of nanoclay inclusion on the 
viscoelastic properties of zein resin was small at low nanoclay concentration then became more 
pronounced at high nanoclay concentration. At nanoclay concentration greater than 5 wt.%, the 
nanocomposite resins behaved more liquid like, suggesting that the nanoclays interrupted the 
entangled zein polymers. Thus, the results clarified why the zein nanocomposite resins could not 
be blown into films at this nanoclay loading. Moreover, the Wagner constitutive theory that is 
commonly used for describing the linear and nonlinear viscoelastic properties of molten 
polymers was applied in this study. The theory was able to explain the steady shear viscosity and 
the primary normal stress coefficient of pristine zein resins using the model comprised of four 
modes of generalized Maxwell elements with Zapas damping function. However, the Wagner 
model inadequately described the steady shear behavior of nanocomposite resins. 
The creation of microstructures on zein films by means of the soft lithography was 
investigated. Zein films were imprinted with several types of shapes and geometries varied 
approximately from hundreds of nanometer to hundreds of micrometer using the replica molding 
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from PDMS intermediate masters. The smallest group of microstructures was the pyramid 
microarrays that exhibited interesting nanophotonic properties where the periodic structures in 
the length scale of sub-fraction of the wavelength scatter light into different colors, allowing 
further development for biosensor technology. While the zein films with microchambers and 
channels were assembled into microfluidic devices using two bonding techniques: the solvent 
bonding technique and the vapor deposition bonding technique. Zein microfluidic films boned to 
either glass slide or zein flat film using the vapor deposition bonding technique were found to be 
sufficiently strong microfluidic devices that were able to withstand the pressure applying to flow 
several fluids through the devices with no leakage. Thus, zein microfluidic devices with 
serpentine mixing features successfully generated the mixing gradient that can be used as a 
microfluidic component for integrated microfluidic devices. Zein bulk films were able to 
permeate small molecules through diffusion. This distinct property of zein allows portable 
microfluidic devices to store reagents that would be very useful for on-field experiment. Even 
though this formulation used for fabrication zein microfludic devices provided sufficiently strong 
micro devices, this formulation was toxic to cells thus not suitable for cell culture applications.  
Although the nanotechnology applications to zein materials have some limitations to 
dramatically advance the zein materials, the understanding gained in this dissertation is a 
considerable step forward into advanced biomaterials that will value-add to zein. The challenge 
remains for future research in which the biodegradable and biocompatible advantages of zein 
will be compromised by the improvement through the advanced nanotechnologies. Overall, the 
implementing of nanotechnology via two approaches to zein biomaterial has showed some 
potential and practical applications while also opened up new research opportunities.  
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6.2 Suggestions for future research 
Although the inclusion of nanoclays into zein matrix slightly improved the physical 
properties of zein films, the addition of other modifications would facilitate properties 
improvement. For solvent cast films, it would be recommended to increase the sonication time 
according to the amount of nanoclay addition in order to well-disperse the nanosilicates in the 
zein matrix. As it was found that the nanoclay platelets interrupted entangled zein chains 
resulting in suppressing the elasticity of the intermediate moldable resin for blown films, to 
preserve the elasticity as well as improve mechanical properties of the films, the cross-linking 
agents are recommended to be used in combination with the nanoclays. These suggestions would 
result in dramatically improved zein films for packaging applications. 
The Wagner constitutive model is developed based on the rubbery like liquid theory in 
which it sufficiently predicts the rheological properties of a more liquid like materials. While 
zein moldable resins exhibited more solid like material, other constitutive models would be 
recommended for predicting the rheological behavior of zein resins. Even though, the zein 
nanocomposite resins exhibited more liquid like behavior in comparison with the pristine resin, 
the Wagner model was not able to predict their properties due to the lack of suitable damping 
function model. Although the shear properties of zein resins and zein nanoclay nanocomposite 
resins were investigated in this dissertation, the extensional rheological properties which are also 
important in understanding the materials in extrusion film blowing process were not covered due 
to the instrumental limitations. For a complete rheological property characterization, it would be 
recommended in searching for suitable instruments for the extensional measurements. This 
would be beneficial to the extrusion process optimization. 
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The development of zein microfluidic devices reported in this dissertation was at the 
early stage, several potential applications as well as limitations of using zein as a substrate for 
microfluidic devices were explored, thus creating several research opportunities. The limitations 
of using zein as a substrate can be compromised with the unique properties of zein that should be 
taken into account. Three potential applications of zein microfluidic devices that were generated 
from the current findings are the label-free biodegradable biosensor microfluidic devices, the 
biodegradable microfluidic diluter, and the controlled release storage biodegradable microfludic 
devices. The photonic properties are widely adopted in the area of label-free biosensors where 
the refractive indices of the nanophotonic surface change regarding to the binding of target 
molecules onto nanophotonic surfaces, indicating a detection of a target substance. As zein films 
swell and turn opaque once being exposed to aqueous fluid systems for longtime, this can be 
problematic for the applications that require optical clarity. Therefore, it is recommended for 
such applications that zein microfluidic devices being used only for sensing gaseous fluid 
systems. For the controlled release storage microfluidic devices, it is recommended that several 
types of small molecules of interest should be tested for the diffusion in zein bulk matrix.  
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APPENDIX A: DATA FOR CHAPTER 3 
Table A.1 The thermal resistant of zein MMT films prepared from solvent casting. 
Sample T at 20 wt% loss (
o
C) residual (wt%) at 400 
o
C 
SC-0 264.35 ± 9.34 31.77 ± 2.23 
SC-1 261.35 ± 3.22 32.87 ± 1.79 
SC-3 257 ± 4.66 35.64 ± 0.58 
SC-5 272.52 ± 13.86 34.055 ± 4.56 
SC-10 275.42 ± 18.66 36.33 ± 6.95 
 
Table A.2 The thermal resistant of zein MMT films prepared from solvent casting. 
Sample T at 20 wt% loss (
o
C) residual (wt%) at 400 
o
C 
EB-0 252.75 ± 8.67 23.25 ± 2.26 
EB-1 260.23 ± 5.64 22.98 ± 0.84 
EB-3 253.57 ± 17.45 27.15 ± 1.93 
EB-5 261.04 ± 5.75 27.95 ± 3.78 
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APPENDIX B: DETAIL DESCRIPTION OF METHODS FOR CHAPTER 4 
1. The steady shear viscosity is defined according to the following equation:  
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The transient viscosity is given by: 
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Substituting eq. (2) and eq. (5.a) into eq. 6:  
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Substituting equations (8) into eq. (7.a): 
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The equation (9) cannot be solved analytically. This equation will be solved numerically using 
Mathematical program. 
Numerical simulation of Wagner constitutive model with Zapas damping function was solved 
using Mathematica software. 
Input values:  
shear rate data file (gamma dot) 
NN= number of elements 
a= α, b=2 
Ge, Gi and λi  
Scrpit used in this numerical simulation: 
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Detail description in using Softwares for fitting 
1. Fitting the generalized Maxwell model by TRIOS software  
Graph Analysis 
Model: discrete relaxation spectrum  
Time range: reciprocal 
Checked calculate Ge  
Points per decade: 20 
Number of terms: Auto 
2. Fitting the Zapas damping function using SigmaPlot 12 software 
Curve fit nonlinear regression 
User defined equation: f=1/(1+αx2) 
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APPENDIX C: DETAIL DESCRIPTION OF METHOD FOR CHAPTER 5 
Calculation of diffusion coefficient  
Fick’s second law is expressed as the following equation: 
2
2
x
c
D
t
c
                            (1) 
where c is the concentration of solutes (in our case is the intensity, a.u.) 
t is time (s) 
D is the diffusion coefficient or diffusivity (m
2
/s)  
x is the position or length (m) 
For one dimension diffusion where the concentration at the boundary located position(x=0) is 
constant or maintained at c0, the diffusion with time t can be expressed as: 
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where erf is the error function in which it can be solved in MATLAB program. The solved 
equation is expressed as: 
Dt
x
c
txc
erf
2
)
),(
(
0
1            (3) 
Steps in solving Eq.(3) using fluorescent intensity profile: 
1. Define the boundary located position in which in our case the location at the wall of the 
channel to obtain c0 as a starting point for curve fitting. 
Then )
),(
(
0
1
c
txc
erf  is constant. 
2. Fit the curve with linear equation. Then the slope is 
Dt2
1
. 
3. At certain t, one can obtained D accordingly. 
 
 
 
